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High-temperature  oxidation  of  Nickel  270  (nominally 
99.99  + % nickel)  results  in  the  formation  of  a bi-layered 
NiO  scale  composed  of  an  outer  layer  of  columnar  grains  and 
an  inner  layer  of  equiaxed  grains.  Measurement  of  the  total 
scale  thickness  formed  at  1000°C  on  cylindrical  surfaces  of 
nickel  (wires  for  convex  surfaces,  drilled  holes  for  concave 
surfaces)  has  shown  that  scale  thickness  is  proportional  to 
the  surface  curvature  (i.e.  reciprocal  of  the  cylindrical 
radius) . Comparison  of  these  measurements  with  those  of  the 
equiaxed  layer  thickness  has  revealed  that  the  equiaxed  layer 
becomes  a linearly  increasing  fraction  of  the  total  scale 
thickness  as  nickel  surface  curvature  decreases.  This  trend 
is  associated  with  an  increased  plastic  deformation  of  the 
NiO,  owing  to  the  influence  of  nickel  surface  curvature 
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upon 


the  space  into  which  the  oxide  is  growing.  Quantitative 
measui ement  of  the  grain  size  in  both  layers  of  the  scale 
has  confirmed  that  the  mean  grain  intercept  always  increases 
in  proportion  to  the  scale  thickness,  and  that  the  NiO  grain 
size  is  larger  upon  hole  specimens  than  upon  wire  specimens. 
The  initial  grain  size,  which  is  presumed  to  depend  upon 
the  nucleation  of  NiO  on  the  original  metal  surface,  was  the 
same  on  all  convex  surfaces,  but  varied  from  one  concave 
surface  to  another.  This  behavior  suggests  that  nucleation 
is  influenced  by  the  accessibility  of  the  oxidizing  atmosphere 
to  the  oxidizing  surface,  convex  surfaces  being  more  easily 
accessible  than  concave  surfaces.  Based  upon  the  results  of 
this  research,  a two-stage  model  of  the  h i gh - temperature  oxi- 
dation of  nickel  is  proposed.  The  duration  of  the  initial 
stage  and,  consequently,  the  onset  of  the  later  stage  are 
controlled  by  nickel  surface  curvature. 

Lest  it  be  argued  that  the  effect  ol  nickel  surface 
curvature  upon  the  oxidation  rate  is  purely  geometric,  due 
to  a decrease  or  increase  in  the  metal/oxide  interfacial 
area  during  oxidation  of  wire  and  hole  specimens,  respec- 
tively, it  is  pointed  out  that  the  volume  of  NiO  scale  formed 
is  not  proportional  to  the  metal/oxide  interfacial  area. 
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CHAPTER  I 


INTRODUCTION 

Several  investigations  [1-5]  have  shown  an  effect  of 
surface  curvature  upon  the  oxidation  rate  of  metals. 

Iida  et  al.  [1]  and  Hancock  and  Fletcher  [2]  discovered 
that  the  particle  size  of  nickel  powder  influenced  its 
oxidation  rate.  More  detailed  experiments  by  Romanski  [3,  4] 
and  Borovski  et  al.  [5]  also  demonstrated  the  existence  of 
a surface  curvature  effect  upon  oxidation  kinetics. 

Romanski  concluded,  by  surveying  the  contour  of  iron  speci- 
mens, that  thinner  or  thicker  layers  of  reaction  products 
may  form  upon  convex  and  concave  surfaces,  respectively  [3], 
and  that  specimen  size  and  shape  influenced  the  oxidation 
kinetics  of  iron,  nickel  and  copper  [4],  Borovski  et  al. 

[5],  by  surveying  the  contour  of  nickel  specimens,  found 
the  rate  of  NiO  growth  to  diminish  with  sharpness  of  con- 
vexity . 

While  these  experiments  verified  an  effect  of  surface 
curvature  upon  the  oxidation  rate,  they  did  not  attribute 
this  effect  to  any  variable  in  the  oxidation  process  as 
influenced  by  surface  curvature.  The  current  research 
offers  results  which  indicate  that  nickel  surface  curvature 
affects  the  lateral,  compressive  stresses  generated 
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during  oxidation.  In  so  doing,  the  plastic  response  of 
NiO  to  relieve  these  stresses  is  affected,  which,  in 
turn,  affects  the  microstructural  evolution  and  thickening 
of  NiO. 

1.1.  The  Scientific  Background  for  the  Research 

The  current  research  has  required  a background  of 
knowledge  in  several  areas  of  high- temperature  oxidation. 
These  areas  include  the  microstructure  of  NiO  and  its 
effect  upon  scale  thickening,  the  mechanical  properties 
of  NiO,  the  transport  of  reactants  in  NiO,  the  stresses 
developed  within  the  scale  during  oxidation,  the  plastic 
deformation  of  NiO,  and  the  nucleation  and  growth  of  NiO. 
Knowledge  of  each  of  these  subjects  becomes  essential 
since  this  research  concerns  the  microstructural  evolution 
and  thickening  of  NiO,  and  since  it  proposes  a mechanism 
of  high- temperature  oxidation  involving  counter  diffusion 
of  reactants,  generation  of  stresses  within  the  scale  and 
plastic  deformation  of  the  oxide. 

1.1.1.  The  Microstructure  of  NiO 

Little  doubt  exists  among  the  investigators  of  nickel 
high- temperature  oxidation  that  the  NiO  formed  upon  flat, 
nickel  surfaces,  under  pure  oxygen  at  one  atmosphere  of 
pressure,  is  bi-layered  [6-22],  The  outer  layer  of  the 
scale  is  composed  of  columnar  grains  and  the  inner  layer 
of  equiaxed  grains,  as  viewed  in  section  normal  to  the 
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metal/oxide  interface.  Sartell  and  Li  [6]  and  IJeno  [7] 
report  the  outer  layer  to  be  somewhat  thicker  than  the 
inner  layer  for  flat,  nickel  specimens  oxidized  between 
900°C  and  1200°C.  These  observations  have  also  been  made 
during  the  course  of  the  current  research  as  illustrated 
by  Figure  1. 

The  structure  of  the  inner  layer  of  the  bi-layered 
NiO  scale  is  dependent  upon  the  metal  purity.  In  the 
case  of  pure  nickel  the  NiO  grain  size  of  the  inner  and 
outer  layer  is  approximately  the  same.  In  less  pure 
nickel  the  inner  layer  is  so  fine  that  the  grain  boundaries 
become  indistinguishable.  These  two  structures  are  illus- 
trated for  Nickel  270  and  Nickel  200,  respectively,  by 
Rhines  and  Connell  [18,  19], 

Porosity  has  been  reported  by  nearly  every  investigator 
of  the  structure  of  NiO  scales.  Pores  at  the  metal/oxide 
interface  have  been  attributed  to  impurities  upon  the 
metal  surface  by  Pa'idassi  and  Berry  [14  j.  A frequent 
cause  of  porosity  within  the  scale,  particularly  at  oxide 
grain  boundaries,  is  the  presence  of  carbon  in  the  nickel. 
This  is  probably  the  origin  of  the  intergranular  porosity 
reported  by  Hales  and  Hill  [23]  and  Evans  et  al . [24], 

which  they  ascribed  to  condensed  nickel  vacancies.  Metal- 
lographic  fall-out  is  clearly  a cause  for  the  formation 
of  much  of  the  irregular  porosity  that  has  been  reported. 
Rhines  and  Wolf  [16]  suggested  that  such  cavities  were 
analogous  to  the  pores  that  form  in  metals  during 
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Figure  1.  Microstructure  of  NiO  scale  formed 
upon  a flat  specimen  under  pure 
oxygen  at  one  atmosphere  of  pressure 
for  49  hours  at  1000°C. 
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high- temperature  creep.  Similar  evidence  is  reported  by 
Hussey  et  al . [25].  This  is  not  to  contend  that  blisters, 

spalls  and  a variety  of  discontinuities  in  the  scale  are 
unreal,  but  simply  that  they  arise  from  causes  that  are 
unrelated  to  the  basic  mechanism  of  the  oxidation  of  nickel. 

1.1.2.  The  Effect  of  the  Microstructure  of  NiO  Upon  the 
Oxidation  Rate 

A correlation  between  the  microstructure  of  the  scale 
and  the  oxidation  rate  was  probably  first  noticed  by  Pfeil 
[26]  in  1929  who,  working  with  iron,  associated  oxide 
grain  growth  with  oxide  scale  growth.  Since  then,  grain 
growth  in  thin  films  of  NiO  has  been  observed  by  Phelps 
et  al . [8]  and  Perrow  et  al.  [27,  28],  and  in  thick  scales 

by  Rhines  and  Connell  [18,  19].  Graham  et  al.  [29], 
working  with  nickel  single  crystals,  found  that  the  rate 
of  growth  of  polycrystalline  NiO  was  faster  than  that  of 
monocrystalline  NiO,  and  that  a fine-grained  oxide  thickened 
faster  than  a coarse-grained  oxide. 

1.1.3.  Mechanical  Properties  of  NiO 

Since  oxidation  kinetics  are  affected  by  the  mechanical 
properties  of  the  oxide  it  becomes  important  to  investigate 
these  properties  for  NiO.  Two  properties  of  NiO  are 
nearly  equal  to  those  of  nickel  at  1000°C.  Tylecote  [30] 
reported  the  thermal  expansion  coefficient  of  NiO  to  be 
17.1  x 10  ^ while  that  of  nickel  was  17.6  x 10  and 
Rhines  and  Wolf  [16]  found  the  creep  rates  of  NiO  and 
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nickel  to  be  approximately  the  same.  At  elevated 
temperature,  above  700°C,  a number  of  investigators  [10, 

24,  31,  32]  have  found  NiO  to  be  ductile.  These  findings 
serve  to  explain  the  observation  of  Bruce  and  Hancock  [33] 
that  nickel  produces  an  adherent,  crack- free  oxide  scale 
at  temperatures  from  800°C  to  1000°C.  Another  investiga- 
tion by  Bruce  and  Hancock  [34]  yielded  values  of  Young's 
Modulus  which  decreased  with  increasing  temperature. 

Specific  values  were:  800°C  - 46  to  60  x 10^  psi;  900°C  - 

30  x 106  psi;  and  1000°C  - 37  x 106  psi. 

1.1.4.  The  Transport  of  Reactants  in  NiO 

There  have  been  several  studies  done  on  the  diffusion 
of  nickel  through  NiO.  The  results  of  diffusivity  deter- 
minations are  as  follows: 

D^i  = 4.4  x 10  4 exp  (-44.2  kcal/RT)  Shim  and  Moore  [35] 

Dj^  = 1.83  x 10  3 exp  (-45.6  kcal/RT]  Choi  and  Moore  [36] 

Du.  = 1.7  x 10  ^ exp  (-56.0  kcal/RT)  Linder  and 

Akers from  [37] 

All  experiments  used  both  polycrystalline  and  monocrystalline 
NiO  and  the  activation  energies  for  nickel  diffusion  were 
the  same.  Therefore,  nickel  ions  diffuse  through  the  NiO 
lattice  and  not  along  oxide  grain  boundaries. 

The  diffusion  of  oxygen  through  NiO  has  been  recog- 
nized by  several  investigators  to  play  an  important  role 
in  the  oxidation  of  nickel  [20,  21,  38].  O'Keefe  and 
Moore  [38]  reported  only  a slight  amount  of  oxygen  diffusion 
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through  monocrystalll ine  NiO,  DQ  = 1 x 10'5  exp  (-54 
kcal/RT).  Volpe  and  Reddy  [39]  found  a large  amount  of 
oxygen  diffusion  through  polycrystalline  NiO,  D0  = 4.8  x 
10  1 exp  (-10.8  kcal/RT).  From  these  results,  oxygen 
apparently  diffuses  through  NiO  along  its  grain  boundaries 
at  a rate  approximately  an  order  of  magnitude  faster  than 
the  diffusion  of  nickel  through  NiO  grains. 

Preferential  diffusion  of  oxygen  along  oxide  grain 
boundaries  is  not  uncommon  among  oxides.  It  has  been 
reported  for  A^O^  by  Kuise  [40]  and  Oshi  and  Kingery  [41], 
for  Cu70  by  Wilkins  and  Rideal  [42]  and  Moore  et  al . [43] 

and  for  MgO  by  Hashimoto  and  Hama  [44].  Caplan  and 
Sproule  [45]  stated  that  polycrystalline  Cr20~  grows  by 
outward  diffusion  of  chromium  ions  and  inward  diffusion  of 
oxygen  ions  along  Ci^O^  grain  boundaries. 

Marker  movement  studies  have  demonstrated  the  existence 
of  counter  diffusion  of  the  reactants  through  an  oxide 
scale.  In  his  work  with  iron,  Pfeil  [26]  noticed  that 
inert  matter,  originally  upon  the  metal  surface,  had  been 
enveloped  by  the  oxide  scale  during  oxidation.  Thus, 
new  oxide  must  have  formed  above  and  beneath  the  inert 
markers.  Counter  diffusion  of  the  reactants,  in  this 
case  iron  outward  and  oxygen  inward,  satisfactorily  ex- 
plains Pfeil's  observation.  Others  have  duplicated  the 
work  of  Pfeil  using  nickel  [6,  46,  47].  These  experi- 
ments have  always  produced  NiO  scales  with  the  markers 
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located  between  the  outer,  columnar  layer  and  the  inner, 
equiaxed  layer  of  the  scale. 

1.1.5.  Stresses  Developed  Within  the  Scale 

The  first  direct  evidence  of  stress  within  an  oxide 
scale  was  found  by  U.  R.  Evans  [48]  in  1927  in  his  film 
stripping  experiments  with  iron.  Upon  separation  from 
its  substrate,  by  anodic  or  chemical  means,  the  iron 
oxide  curled  up.  Since  then,  a number  of  experiments  have 
been  performed  indicating  the  existence  of  stress  within 
an  NiO  scale.  Ueno  [7]  purposely  formed  a black/green 
bi-layered  scale  on  one  side  of  a nickel  coupon  and  a black/ 
black  bi-layered  scale  on  the  other.  This  resulted  in  a 
curling  of  the  specimen  and,  following  electrochemical 
removal  of  each  scale,  only  the  black/green  bi-layered 
scale  exhibited  bending.  Thus,  the  stress  was  greatest 
in  the  inner,  green  layer  of  the  scale  and  it  was  com- 
pressive due  to  the  direction  of  bending.  Dankov  and 
Churaev  [49]  demonstrated  the  existence  of  stress  within 
NiO  through  curling  of  thin  nickel  foil  after  oxidation 
on  one  side  only.  Other  curling  experiments  [16,  50] 
showed  that  an  initially  curved  specimen,  oxidized  simul- 
taneously on  both  sides,  continued  to  curl  tighter  in  the 
original  sense.  Rhines  and  Wolf  [16]  found  flat  nickel 
foil  specimens  to  increase  in  surface  area  after  oxidation 
at  1000°C.  An  average,  lateral  stress  within  the  scale 
of  approximately  1500  psi  was  calculated  from  the  mean 
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values  of  lateral  extension  and  creep  and  oxidation  data 
for  nickel.  A similar  increase  in  surface  area  of  thin, 
nickel  foil  was  also  observed  by  Denisenko  and  Skorokhod 
[51 ] and  Nor  is  [52  ] . 

Similar  effects  have  been  observed  in  the  high- 
temperature  oxidation  of  many  metals.  The  increase  in 
surface  area  during  oxidation  was  seen  by  Cathcart  et  al. 
[53]  for  uranium.  Other  metals  showing  the  effects  of 
stress  within  the  oxide  scale  have  been  copper  [54,  55], 
tantalum  [56]  and  niobium  [57]. 

1.1.6.  Plastic  Deformation  of  NiO 

Evidence  for  plastic  deformation  of  NiO  scales  appears 
throughout  the  literature.  Hales  [58]  noted  the  presence 
of  dislocations  in  the  outer,  columnar  layer  resembling 
those  found  in  metal  creep  specimens.  Cathcart  et  al.  [59] 
found  a mosaic  structure,  also  in  the  outer,  columnar 
layer,  indicating  a sub-grain  network.  A similar  observa- 
tion was  made  by  Phelps  et  al.  [8]  who  associated  the 
sub-grain  network  with  recovery  from  a plastically  strained 
state.  Vernon  and  Spooner  [32]  suggested  that  deformation 
of  NiO  occurred  during  oxidation  based  on  their  observation 
of  slip  lines  on  the  crystals  of  the  scale.  Creep  of  NiO 
at  elevated  temperature  has  been  measured  by  Antill  and 
Washburn  [60],  Menzie  and  Aldred  [13]  and  Rhines  and  Wolf 
[16].  Rhines  and  Connell  [19]  stated  that  when  the  nickel 
substrate  is  thin  enough  the  stress  developed  within  the 
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oxide  is  sufficient  to  cause  bending  or  elongation  by 
creep,  but  when  the  nickel  substrate  is  too  massive  the 
plastic  response  to  the  stress  is  extrusion  of  oxide 
outward  along  NiO  grain  boundaries.  This  latter  phenomenon 
has  been  seen,  by  scanning  electron  microscopy,  to  produce 
ridges  of  NiO  outlining  the  NiO  grain  boundaries  at  the 
external  surface  of  the  scale  [18].  As  growth  of  the  NiO 
scale  proceeds,  these  ridges  become  lower  and  broader  and 
the  external  surface  takes  on  a cusped  appearance.  With 
further  oxidation  the  external  surface  becomes  faceted. 

Most  oxides,  being  sufficiently  plastic  at  high 
temperature,  have  exhibited  deformation  during  oxidation. 
Ibis  has  been  found  true  for  iron  by  Maldy  [61]  and  for 
uranium  by  Cathcart  et  al.  [53].  Caplan  and  Sproule  [45] 
proposed  an  oxidation  mechanism  for  chromium  involving 
the  generation  of  compressive  stresses  within  Cr?03 
followed  by  plastic  deformation  and  wrinkling  of  the  oxide. 

Nucleation  of  NiO  and  Growth  of  Thin  Films 

Robin  [62],  Martins  [63],  Lozinsky  and  Antipova  [64] 
and  Wood  and  Chattopadhyay  [65]  found  that  the  first  nuclei 
of  NiO  to  form  did  so  along  grain  boundaries  of  the  metal. 
Later  nucleation  probably  involves  the  formation  of  many 
NiO  nuclei  upon  each  nickel  grain  since  the  grain  size 
of  NiO  has  been  reported  to  be  much  finer  than  that  of 
the  underlying  nickel  [14,  22].  Holloway  and  Hudson  [66] 
determined  that,  prior  to  complete  coverage  of  the  metal, 
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the  oxide  existed  as  small  islands  only  a few  atoms  thick 
and  growing  by  the  addition  of  oxygen  ions  at  their 
edges.  Presumably,  this  edgewise  growth  continues  until 
the  islands  of  NiO  impinge,  one  upon  the  other. 

Cold  work  and  surface  preparation  can  affect  the 
nucleation  of  NiO.  Gulbransen  [67]  detected  the  appearance 
of  many  oxide  nuclei  on  each  metal  grain  reflecting  the 
presence  of  defects  and  inclusions.  He  also  found  the 
density  of  oxide  growth  centers  to  be  of  the  same  order 
of  magnitude  as  the  density  of  dislocations.  Caplan  et  al. 
[68]  demonstrated  that  cold  work  influenced  both  the 
grain  size  and  growth  rate  of  NiO,  and  that  cold  work 
masked  any  effect  of  epitaxi,  thus  yielding  a uniformly 
thick  oxide  unrelated  to  the  underlying  nickel  structure. 
That  there  is  an  effect  of  surface  preparation  upon  oxida- 
tion has  been  shown  by  several  investigators  [12,  69-71]. 
According  to  Wood  and  Wright  [12],  the  oxidation  rate 
appears  to  be  partially  determined  by  specimen  history, 
probably  because  it  establishes  the  topography  and  nature 
of  the  surface  exposed  to  the  oxidizing  atmosphere. 

Epitaxial  relationships  between  oxide  and  metal  were 
seen  by  Newkirk  and  Martin  [72]  and  Caplan  et  al.  [68] 
with  the  (111)  plane  of  the  oxide  parallel  to  the  (111) 
plane  of  the  metal,  and  by  Papageorgopoulous  and  Chen  [73] 
with  the  (100)  plane  of  the  oxide  parallel  to  the  (100) 
plane  of  the  metal. 


This  epitaxial  effect  could  contribute 
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to  the  change  in  oxide  growth  rate  with  orientation  of 
the  underlying  nickel  as  found  by  Anderson  and  Ritchie  [74], 
Carlsen  [75],  Graham  et  al.  [76]  and  Herchl  et  al.  [22]. 
Mostly,  however,  the  orientation  of  the  oxide  is  random 
with  respect  to  the  metal  [72]. 

Research  into  thin  film  (less  than  30  A)  growth  has 
yielded  two  rate  laws.  An  exponential  rate  was  deduced 
by  Tammann  [77]  in  1920  and  corroborated  later  by  others 
[78-85].  More  recently,  a few  studies  [86-89]  have  ob- 
tained a logarithmic  rate. 

4 • 1 • 8 . Parabolic  Growth  of  NiO,  The  Classical  Model 

The  concept  of  parabolic  growth  of  NiO,  i.e.,  thickness 
proportional  to  timely/“,  was  first  put  forward  by  Pilling 
and  Bedworth  [90]  in  1923  and  substantiated  later  by  others 
[69,  91-97].  Wagner  [98],  claiming  the  inward  diffusion 
of  oxygen  suggested  by  Pilling  and  Bedworth  was  insignifi- 
cant, proposed  the  outward  diffusion  of  nickel  ions  through 
the  scale  to  the  external  surface.  There  oxygen  ions  were 
met,  resulting  in  the  formation  of  new  NiO.  Douglass  [99], 
also  claiming  that  oxygen  diffusion  was  negligible, 
referred  to  the  parabolic  rate  law  as  being  the  only  one 
having  any  real  significance  in  the  sense  that  rates  can 
be  predicted  from  a knowledge  of  fundamental  parameters. 
Subsequent  research  has  revealed  that  the  parabolic  growth 
model  fails  to  explain  four  important  points:  (1)  the 

polycrystalline  oxide  scale  thickens  at  a rate  that  is 
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an  order  of  magnitude  greater  than  predicted  by  the 
diffusion  of  nickel  alone  [181;  (2)  the  rate  of  oxidation 
diminishes  more  rapidly  than  parabolic  behavior  suggests 
[18];  (3)  the  oxide  scale  envelops  inert  particles  [26]; 
and  (4)  the  growing  scale  develops  compressive  stresses 
during  oxidation  [16]. 

1.1.9.  Non- Parabol ic  Growth  of  NiO 

Many  investigators  [8,  18,  19,  87,  100-103]  have 
detected  non-parabolic  growth  of  NiO.  Rhines  and  Connell 
[18]  have  proposed  an  alternative  mechanism  of  oxidation 
to  that  suggested  by  Wagner  [98]  which  accounts  for  the 
deficiencies  in  the  parabolic  growth  model.  They  have 
suggested  that  the  diffusion  process  involves  two  ionic 
species- -nickel  diffusing  outward  through  the  NiO  lattice 
and  oxygen  diffusing  inward  along  NiO  grain  boundaries. 

The  two  meet  at  the  NiO  grain  boundaries  whereupon  new 
oxide  forms,  creating  a lateral  "wedging  effect"  upon 
neighboring  grains.  Because  of  the  attachment  of  NiO  to 
the  nickel  substrate,  a lateral,  compressive  stress  is 
generated  within  the  scale.  Plastic  deformation  of  NiO 
relieves  these  compressive  stresses.  The  passage  of 
shear  across  NiO  grain  boundaries  increases  the  local  grain 
boundary  curvature  [104]  and,  in  response,  the  grain 
boundaries  migrate  under  the  forces  of  surface  tension. 

An  increase  in  the  local  grain  boundary  curvature  must 
occur  for  grain  boundaries  to  migrate  because  pinning 
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forces  at  the  metal/oxide  interface  and  the  external 
surface  must  be  overcome.  As  the  grain  boundaries  sweep 
throughout  the  scale,  they  distribute  new  oxide  through- 
out the  scale  volume  by  providing  a moving  reaction  front. 
The  end  result  of  this  model  of  high- temperature  nickel 
oxidation  is  NiO  grain  growth  occurring  concurrently  with 
NiO  scale  growth  [18,  19], 

Summary  of  Established  Facts  Concerning  the  High- 
Temperature  Oxidation  of  Nickel 

The  foregoing  literature  survey  has  established  the 
following  facts  about  the  high- temperature  oxidation  of 
nickel : 

1)  The  NiO  scale  produced  at  elevated  temperature  is 
bi-layered  and  is  composed  of  an  outer  layer  of 
columnar  grains  and  an  inner  layer  of  equiaxed  grains. 

2)  The  microstructure  of  NiO  influnces  the  oxidation  rate. 
Polycrystalline  NiO  grows  faster  than  monocrystalline 
NiO  and  a fine-grained  oxide  grows  faster  than  a 
coarse-grained  oxide. 

3)  NiO  grain  growth  accompanies  NiO  scale  growth. 

4)  The  creep  rates  and  thermal  expansion  coefficients 
of  NiO  at  1000°C  are  nearly  equal  to  those  of  nickel 
at  1000°C  making  for  an  adherent,  crack-free  oxide 
scale  . 

5)  Nickel  ions  diffuse  through  the  NiO  lattice,  not  along 
NiO  grain  boundaries. 
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6)  Oxygen  ions  diffuse  along  NiO  grain  boundaries  at  a 
rate  approximately  an  order  of  magnitude  faster  than  the 
diffusion  of  nickel  ions  through  the  NiO  lattice. 

7)  Inert  matter,  originally  upon  the  metal  surface,  is 
always  found  near  the  columnar/equiaxed  interface 
after  oxidation. 

8)  Lateral,  compressive  stresses  are  generated  within  the 
scale  during  oxidation. 

9)  Plastic  deformation  of  NiO  occurs  during  oxidation. 

10)  Ridges  of  NiO,  located  at  the  external  surface  of  the 
scale  upon  columnar  grain  boundaries,  appear  early  in 
oxidation.  As  oxidation  proceeds  the  external  surface 
develops  a cusped  appearance  and,  eventually,  becomes 
faceted . 

11)  Nucleation  of  the  first  oxide  occurs  along  grain  bound- 
aries of  the  metal.  Many  NiO  nuclei  form  upon  a 
single  nickel  grain  and  begin  to  grow  by  the  addition 
of  oxygen  ions  at  their  edges. 

12)  Cold  work  and  surface  preparation  can  affect  the 
nucleation  of  NiO,  thereby  affecting  the  oxidation 
rate  . 

13)  Epitaxial  growth  of  NiO  occurs,  but  mostly  the  grain 
size  of  the  oxide  is  very  much  finer  than  that  of 
the  underlying  nickel  and  shows  little  indication  of 
being  related  in  orientation  to  the  metal. 
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14)  Growth  of  thin  films  of  NiO  is  disputed.  Some  investi- 
gators have  determined  an  exponential  rate  while  others 
have  found  a logarithmic  rate. 

15)  Growth  of  NiO  (greater  than  30  A)  is  characterized  by 
a rate  equation  having  a time  exponent  of  0.50 
(parabolic)  or  less  (non-parabolic). 

These  facts  concerning  the  high- temperature  oxidation 
of  nickel  have  been  recognized  by  the  current  research  in 
designing  the  experiment  or  in  interpreting  the  results. 

1 • 2 . The  Objective  of  the  Research 

Little  quantitative  research  has  been  undertaken  to 
study  the  mi cros t ructural  evolution  of  NiO  which  occurs 
concurrently  with  scale  thickening.  The  investigations 
which  have  been  undertaken  [18,  19]  utilized  flat  nickel 
specimens  and  showed  that  NiO  grain  growth  occurred  simul- 
taneously with  NiO  scale  growth.  Generation  of  lateral, 
compressive  stresses  during  oxidation,  causing  plastic 
deformation  of  the  oxide,  was  determined  to  be  a very 
important  feature  of  the  oxidation  process.  The  current 
research  was  designed  to  discover  the  interrelations  among 
NiO  scale  growth,  NiO  microstructure,  stress  generation 
within  the  scale  and  plastic  deformation  of  the  oxide. 
Variation  of  nickel  surface  curvature  was  thought  to 
provide  a means  by  which  to  study  these  interrelations, 
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thus  improving  the  current  understanding  of  the  high- 
temperature  oxidation  of  nickel. 


CHAPTER  II 


EXPERIMENTAL  TECHNIQUES 


Some  of  the  experimental  procedures  used  in  this 

research  had  been  developed  during  the  course  of  a previous 
* 

research.  These  procedures,  as  well  as  those  newly 
developed,  are  described  in  the  following  paragraphs. 

2.1.  Specimen  Preparation 

lo  evaluate  the  effect  of  nickel  surface  curvature 
upon  the  microstructural  evolution  and  thickening  of  NiO, 
two  types  of  Nickel  270  (nominally  99.99+%  nickel)  specimens 
were  oxidized.  To  provide  a range  of  surface  curvature 
from  positive  (convex)  to  negative  (concave),  the  external 
surfaces  of  wires,  having  diameters  of  1.575  mm,  0.965  mm 
and  0.584  mm,  and  the  internal  surfaces  of  holes  (hole 
specimens),  having  corresponding  diameters,  were  oxidized. 
Nickel  270  wire  specimens  were  prepared  by  drawing  1.575  mm 
wire  through  successive  dies  yielding  the  two  smaller 

"Control  of  Environmental  Surface  Reactions,"  Final  Report, 
June  15,  1972  to  September  15  , 1973  , F.  N.  Rhines,  E.  I). 
Verink,  Jr.,  L.  L.  Hench  and  Associates,  Department  of 
Materials  Science  and  Engineering,  University  of  Florida. 
Prepared  for  NSF  under  Grant  No.  GH-34550. 
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diameters  to  be  used.  Hole  specimens  were  drilled  in 
3.175  mm  thick  flat  discs  machined  from  one  inch  rods. 

Each  hole  was  drilled  at  a distance  of  7.950  mm  from  a 
1.575  mm  diameter  central  hole  and  at  a distance  of  5.791  mm 
from  each  other.  Enough  wire  and  hole  specimens  were  made 
to  insure  that  either  three  wires  or  three  holes  of  each 
diameter  were  simultaneously  oxidized. 

Io  evaluate  the  effect  of  oxidiation  temperature  upon 
the  microstructural  evolution  and  thickening  of  NiO,  flat 
Nickel  270  specimens  were  oxidized  at  1000°C  and  800°C. 

These  specimens  were  cut  into  1.66  mm  x 12.7  mm  x 12.7  mm 
coupons  from  1 . 6 mm  thick  Nickel  270  sheet. 

Just  prior  to  the  oxidizing  treatment^ each  specimen 
was  cleaned  according  to  the  method  outlined  in  Table  I. 
Following  cleaning,  oxidation  was  initiated  within  one  hour. 

2.2.  Oxidat i on 

The  oxidation  treatments  for  Nickel  270  wire,  hole 
and  flat  specimens  were  conducted  in  an  all-metal  system 
consisting  of  stainless  steel  (AISI  Type  316)  gas  trains, 
a Nickel  200  (nominally  99.401  nickel)  thermocouple 
sheath,  Nickel  270  specimen  hangers  and  a Nickel  200 
closed  reaction  tube.  As  such,  Figure  2,  the  only  metal 
exposed  to  the  high -temperature  oxidizing  environment 
was  nickel.  Heat  was  applied  to  the  reaction  tube  by  a 
resistance -heated , split-tube  furnace  which  could  be  brought 
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Tabic  I 

Standardized  Surface  Preparation  for  Nickel  270  Specimens 

1.  Grind  with  600  grit  SiC  abrasive  when  shape  of 
specimen  permits. 

2.  Clean  with  the  following  agents  in  succession: 

(a)  Acetone,  5 minutes,  ultrasonic 

(b)  Boiling  I^O  (distilled),  5 minutes 

(c)  Ethanol,  5 minutes,  ultrasonic 

(d)  1^0  (distilled),  5 minutes,  ultrasonic 

(e)  Ethanol,  5 minutes,  ultrasonic 

(f)  Air  dry 
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Thermocouple 


Schematic  diagram  of  the  oxidation  system 
used  for  oxidizing  the  Nickel  270  specimens 


Figure  2. 
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to  temperature  prior  to  placing  it  around  the  reaction 
tube.  The  temperature  of  this  furnace  was  controlled  by 
a chromel-alumel  thermocouple  connected  to  a Leeds -Northrup 
Electromax  DAT  on-off  controller.  Another  chromel-alumel 
thermocouple  was  positioned  inside  the  reaction  tube  to 
insure  that  the  proper  oxidation  temperature  was  being 
maintained  within  ±5°C.  A circulating  water  coolant  at 
both  ends  of  the  reaction  tube  provided  for  a hot  zone  of 
approximately  50.8  mm. 

The  oxidation  schedule  began  by  flushing  the  cold 
reaction  tube  with  high  purity  helium  (AIRCO  GRADE  5)  for 
15  minutes.  Then,  after  placing  the  split-tube  furnace 
around  the  nickel  reaction  tube,  the  wire,  hole  or  flat 
specimens  were  heated  to  1000°C  (or  800°C  for  some  flat 
specimens)  while  still  maintaining  the  helium  atmosphere. 
Upon  reaching  1000°C  (or  800°C) , the  specimens  were  given 
a 20  minute  annealing  treatment  prior  to  oxidation.  After 
annealing,  the  helium  supply  was  turned  off  and  high 
purity  oxygen  (AIRCO  GRADE  5)  was  admitted  to  the  reaction 
tube  at  about  one  atmosphere  of  pressure.  This  oxygen 
atmosphere  was  maintained  for  the  entire  oxidation  period 
(4,  9,  16,  25,  36  or  49  hours).  Following  oxidation,  the 
furnace  was  removed  and  the  reaction  tube  was  allowed  to 
cool  under  oxygen  to  400°C,  whereupon  the  system  was 
exposed  to  air. 

The  above  oxidation  schedule  was  carried  out  for  six 
wire  specimens  or  six  hole  specimens  of  each  diameter  for 


each  of  the  six  oxidation  times  mentioned  (three  specimens 
of  each  diameter  at  a time).  One  flat  specimen  was  oxi- 
dized for  each  of  the  six  oxidation  times  at  either  1000°C 
or  800 °C . 


2.3.  Metallographic  Preparation 

The  oxidized  wire,  hole  and  flat  specimens  were 
mounted  so  that  the  NiO  surface  to  be  examined  was  at  90° 
to  the  wire  or  hole  axis,  or  at  90°  to  the  plane  of  the 
Nickel  270  sheet.  Table  II  outlines  the  methods  that 
were  used  to  produce  high  quality  polished  and  etched 
surfaces . 


2.4.  Scale  Thickness  Measurements 

All  scale  thickness  measurements  were  made  on  a Bausch 

and  Lomb  Research  II  metallograph  using  a reticle  scale 

calibrated  against  a stage  micrometer  at  1000X.  Total 

scale  thickness,  X,  and  equiaxed  layer  thickness,  XFn, 

ng) 

measurements  were  recorded  at  a minimum  of  15  positions 
on  the  NiO  formed  upon  each  wire  or  hole  specimen,  and 
25  positions  on  that  formed  upon  each  flat  specimen.  In 
each  case,  the  columnar  layer  thickness,  X^q^  , was  ob- 
tained by  taking  the  difference  between  total  scale 
thickness  and  equiaxed  layer  thickness.  Specimens  which 
developed  a non-uniform  scale  thickness  were  measured  at 
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Table  II 


Metal lographic  Procedures 

Mounting : 

Buehler  plastimet 

Mounting  temperature:  150°C 

Mounting  pressure:  3000  psi 

Mounting  time:  7 minutes 

Cool-down  time:  5 minutes 

Dimensions  of  mount:  1 1/4"  diameter  x 

1"  high 

Electrical  contact  by  screw  into  side  of 
mount 

Grinding : 

Automatic  with  6 specimens  simultaneously 
120  grit  SiC  with  water,  15  minutes 

180  grit  SiC  with  water,  15  minutes 

320  grit  SiC  with  water,  10  minutes 

600  grit  SiC  with  water,  10  minutes 

Polishing : 

Automatic  with  6 specimens  simultaneously 
6u  diamond,  AB  Texmet  cloth,  4 hours 
ly  (heavy)  diamond,  AB  Texmet  cloth,  4 hours 

Table  II  - Continued 


Electrolytic  etching  to  develop  microstructure  of  NiO: 

Solution:  1 vol  . IIP  (48$) 

1 vol.  CH3  COOII  (glacial) 

4 vol.  II?0  (distilled) 

Anode:  Specimen 

Potential:  10  to  15  volts  (open  circuit) 

Time:  20  to  40  seconds  for  wire  or  flat 

specimens 

4 to  8 minutes  for  hole  specimens 


Temperature:  25°C 
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more  positions  than  those  which  developed  a relatively 
uni f 01 m scale  thickness.  Because  six  wire  specimens  or 
six  hole  specimens  of  each  diameter  were  oxidized  for  each 
of  the  six  oxidation  times  (4,  9,  16,  25,  36  or  49  hours), 
a total  of  90  or  more  scale  thickness  measurements  (either 
X,XEq  or  XCQL)  were  recorded  for  each  condition  of  oxida- 
tion. With  one  flat  specimen  having  been  oxidized  for 
each  of  the  six  oxidation  times  at  either  1000°C  or  800°C, 
a total  of  25  or  more  scale  thickness  measurements  (either 


X,  XEq  or  XCQL)  were  taken  for  each  condition  of  oxidation. 

A 95%  confidence  interval  for  the  mean  of  XX  or  X 

’ HQ  COL 

was  computed  for  the  NiO  formed  upon  all  specimen  geometries 
(1.575  mm,  0.965  mm  and  0.584  mm  diameter  wire  and  hole 
specimens,  and  flat  specimens  oxidized  at  1000°C  and  800°C). 

The  ratio  of  the  mean,  equiaxed  layer  thickness  to  the 
mean,  total  scale  thickness  was  determined  for  all  specimen 
geometries  in  order  to  evaluate  the  effect  of  nickel  surface 

curvatuie  and  oxidation  temperature  upon  the  microstructure 
of  NiO. 


2 •  2 * *  5 • Determination  of  Mean  Crain  Intercept 

I he  number  of  NiO  grain  boundary  intercepts  made  with 

a test  line  of  known  length  was  determined  at  positions 
within  the  oxide  scale  corresponding  to  Figure  3.  These 
measurements  were  also  carried  out  on  a Bausch  and  Lomb 

Research  II  metallograph  using  a pre - cal ibrated  test  line 
of  0.074  mm  in  length  at  1000X. 
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Test  line  orientation  in 

THE  COLUMNAR  LAYER 


Test  line  orientation  in 

THE  EOUIAXED  LAYER 


(a) 


Test  line  orientation  in 

THE  COLUMNAR  LAYER 


Test  line  orientation  in 

THE  EOUIAXED  LAYER 


Tigurc  3.  lest  line  orientation  Tor  determining 

the  number  of  NiO  grain  boundary  inter- 
cepts in  the  columnar  and  equiaxed 
layers,  (a)  NiO  formed  upon  wire  speci- 
mens,  (b)  NiO  formed  upon  hole  specimens 
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Two  values  of  the  number  of  NiO  grain  boundary  inter- 
cepts were  determined  for  each  of  the  wire  and  hole 
specimens:  a columnar,  ^.qj  ; and  an  equiaxed,  Nj  ^ . 

Ihe  columnar  readings  were  taken  at  a position  roughly 
halfway  between  the  external  surface  and  the  columnar/ 
equiaxed  interface,  and  the  equiaxed  readings  were  taken 
roughly  halfway  between  the  columnar/equiaxed  interface 
and  the  metal/oxide  interface.  Enough  areas  of  the  scale 
were  measured  on  each  specimen  so  that  400  or  more  NiO 
grain  boundary  intercepts  were  counted.  Because  six 
specimens  of  each  wire  or  hole  diameter  were  oxidized  for 
each  oxidation  time,  a total  of  2400  or  more  NiO  grain 
boundary  intercepts  were  counted  for  each  condition  of 
oxidation.  The  mean  values  of  the  number  of  NiO  grain 
boundary  intercepts,  along  with  their  corresponding  95% 
confidence  intervals,  were  computed  and  divided  by  the 
calibrated  length  of  test  line  (0.074  mm)  yielding  corre- 
sponding values  of  Nj  . 

Mean  grain  intercept  values,  XC0L  or  A^,  were  ob- 
tained by  taking  the  reciprocal  of  the  corresponding  N 

L 

values.  The  ratio  of  the  mean  columnar  layer  thickness, 
as  determined  in  section  2.4.,  to  the  mean  grain  inter- 
cept of  the  columnar  layer  was  determined  as  a further 
evaluation  of  the  effect  of  nickel  surface  curvature 
upon  the  microstructure  of  NiO. 


CHAPTER  II  I 


EXPERIMENTAL  RESULTS 

Representative  NiO  scales  formed  upon  wire,  hole  and 
flat  Nickel  270  specimens  are  shown  in  Figures  4-6.  The 
bi-layered  nature  of  NiO  produced  at  1000°C  for  wire  and 
hole  specimens,  and  at  1000°C  and  800°C  for  flat  specimens 
is  readily  apparent.  All  scales  were  formed  under  pure 
oxygen  at  one  atmosphere  of  pressure . 

3.1.  Growth  of  NiO  Upon  Curved  Specimen s 

From  Figures  4 and  5 it  can  be  seen  that  nickel  surface 
curvature  influences  both  the  total  scale  thickness  and  micro- 
structure of  NiO.  These  photomicrographs  show  the  total 
scale  thickness  to  increase  with  decreasing  nickel  surface 
curvature  (increasing  wire  diameter  and  decreasing  hole 
diameter),  the  NiO  grain  size  to  become  finer  upon  wire 
specimens  than  upon  hole  specimens  and  the  equiaxed  layer 
thickness  to  become  an  increasing  fraction  of  total  scale 
thickness  with  decreasing  nickel  surface  curvature. 

3.1.1.  Total  Scale  Thickness  of  NiO  Formed  Upon  Wire  and 
Hole  Specimens 

Total  scale  thickness  measurements  made  on  the  NiO 
formed  upon  wire  and  hole  specimens  are  presented  in 
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(a)  0.584  mm  diameter. 


1000X 


(b)  0.965  mm  diameter.  1000X 

Figure  4.  Microstructure  of  NiO  scale  formed 
specimens  under  pure  oxygen  at  one 
atmosphere  of  pressure  for  25  hours 
1000°C. 


wire 

at 
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(c)  1.575  mm  diameter. 


C. 


1000X 


Figure  4.  (continued). 


(a)  1.575  mm  diameter.  1000X 


(b)  0.965  mm  diameter.  1000X 


Figure  5.  Microstructure  of  NiO  scale  formed 

upon  hole  specimens  under  pure  oxygen 
at  one  atmopshere  of  pressure  for  25 
hours  at  1000°C. 
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(c)  0.584  mm  diameter. 


1000X 


Figure  5.  (continued). 
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(b)  Specimens  oxidized  at  800°C.  1000X 

Figure  6.  Microstructure  of  NiO  scale  formed  upon 
flat  specimens  under  pure  oxygen  at  one 
atmosphere  of  pressure  for  25  hours. 
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Table  III  along  with  their  corresponding  95%  confidence 
intervals.  These  data,  when  plotted  versus  oxidation 
time,  result  in  the  experimental  curves  of  Figures  7 and 
8 for  wire  and  hole  specimens,  respectively.  The  kinetic 
equations  for  these  best-fit  curves  and  their  corresponding 
correlation  coefficients  are  given.  The  curves  labeled 
"calculated"  in  the  figures  represent  the  total  thickness 
of  NiO  which  should  form  upon  the  particular  specimen  based 
on  geometric  considerations  and  assuming  flat  specimen 
kinetics  are  operating  at  the  1000°C  oxidation  temperature 
(see  Appendix  II).  The  departure  between  experimental  and 
calculated  curves,  in  all  cases,  indicates  the  effect  of 
nickel — surface  curvature  upon  scale  thickening  is  not  purely 
— — £L£ometric  one.  For  all  wire  specimens  the  calculated 
curve  lies  above  the  experimental,  while  for  all  hole  speci- 
mens the  calculated  curve  lies  below  the  experimental.  The 
trend  is  one  of  ascending  order  from  the  smallest  diameter 
wire  to  the  smallest  diameter  hole. 

When  the  average,  total  scale  thickness  for  the  six 
oxidation  times,  calculated  from  the  data  of  Table  III,  is 
plotted  against  nickel  surface  curvature,  Figure  9,  two 
linear  relationships  are  found--one  for  wire  specimens  and 
one  for  hole  specimens.  In  each  case,  the  average,  total 
scale — thickness  for  the  six  oxidation  times  increases 
linearly  with  decreasing  nickel  surface  curvature,  but  the 
linear  relationship  found  for  hole  specimens  is  displaced 
above  that  found  for  wire  specimens. 
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Table  III 

Total  NiO  Scale  Thickness  Measurements  for 
IVire  and  Hole  Nickel  270  Specimens 


Specimen  Surface  Oxidation  Total  Scale 

Diameter  Curvature,  Time  Thickness,  X 

(mm)  l/r  (mm"l)  (hours)  (xl0‘3  mm) 


0.584  wire  3.42 
0 . 965  wire  2.07 

1.575  wire  1.27 

1.575  hole  -1.27 
0 . 965  hole  -2.07 
0.584  hole  -3.42 

0.584  wire  3.42 
0.965  wire  2 . 07 

1.575  wire  1.27 

1.575  hole  -1.27 
0.965  hole  -2.07 
0.584  hole  -3.42 


4 8.33+0.20 
4 9.00+0.21 
4 10.07  + 0.33 

4 16.53+0.42 
4 17.08  + 0.47 
4 16.32+0.32 

9 13.09+0.47 
9 14.05  + 0.50 
9 14.69+0.53 

9 20.39  + 0.56 
9 19.79  + 0.50 
9 18.68  + 0.39 
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Table  III  - Continued 


Specimen  Surface  Oxidation  Total  Scale 

Diameter  Curvature,  Time  Thickness,  X 

(mm)  1/r  (mm'1)  (hours)  (xl0_3mm) 


0.584 

wire 

3.42 

16 

17.75 

+ 

0.36 

0.965 

wire 

2.07 

16 

18.71 

+ 

0.36 

1.575 

wire 

1 .27 

16 

18 . 94 

+ 

0.41 

1.575 

hole 

-1.27 

16 

29 . 08 

+ 

0.83 

0.965 

hole 

-2.07 

16 

27.42 

+ 

0.78 

0.584 

hole 

-3.42 

16 

29.78 

+ 

0.87 

0.584 

wire 

3.42 

25 

19.05 

f 

0.40 

0.965 

wire 

2.07 

25 

21  . 06 

+ 

0.49 

1.575 

wire 

1.27 

25 

2 3.57 

+ 

0.76 

1.575 

hole 

-1.27 

25 

30.61 

+ 

0.94 

0.965 

hole 

-2.07 

25 

33.53 

+ 

0.82 

0.584 

hole 

-3.42 

25 

34.75 

+ 

0.76 
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Specimen 

Diameter 

(mm) 


0.584  wire 
0.965  wire 

1.575  wire 

1.575  hole 
0.965  hole 
0.584  hole 

0.584  wire 
0.965  wire 

1.575  wire 

1.575  hole 
0.965  hole 


Table  III  - Continued 


Surface  Oxidation  Total  Scale 

Curvature  Time  Thickness,  X 

1/r  (mm  !)  (hours)  (xl0-3mm) 


3.42 

36 

22.58 

+ 

0.53 

2.07 

36 

23.90 

+ 

0.45 

1.27 

3 6 

27.01 

+ 

0.68 

-1.27 

36 

38.81 

+ 

0.68 

-2.07 

36 

41.03 

+ 

1 . 07 

-3.42 

36 

42.  02 

+ 

0.43 

3.42 

49 

26.90 

+ 

0.49 

2 . 07 

49 

28  . 56 

+ 

0.41 

1 .27 

49 

30.76 

+ 

0.62 

-1.27 

49 

40.99 

+ 

1 . 38 

-2.07 

49 

4 2.77 

+ 

1.18 

-3.42 

49 

44.66 

+ 

1.19 

0.584  hole 
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Figuie  7.  total  scale  thickness,  X,  versus  oxida- 
tion, t,  for  wire  specimens. 

(a)  0.584  diameter  wire  specimens. 


Total  scale  thickness  (xlO 
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Figure  7.  (continued). 


(b)  0.965  mm  diameter 


wire  specimens. 


Total  scale  thickness  (xlO  ^ mm) 
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Figure  7.  (continued). 


(c)  1.575  mm  diameter 


wire  specimens . 


Total  scale  thickness  (xlO 
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Figure  8.  Total  scale  thickness,  X,  versus  oxida- 
tion time,  t,  lor  hole  specimens. 

(a)  1 . S 7 5 mm  diameter  hole  specimens. 


Total  scale  thickness  (xlO  J mm) 
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Figure  8.  (continued). 


(b)  0.965  mm  diameter  hole  specimens. 


Total  scale  thickness  (xlO  ^ mm) 
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Figure  8.  (continued). 

(c)  0.584  mm  diameter  hole  specimens. 
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Figure  9.  Average_total  scale  thickness  for  the  six  oxidation 
times,  X,  versus  nickel  surface  curvature,  1/r. 
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3.1.2.  Microstructure  of  NiO  Formed  Upon  Wire  and  Hole 
Specimens 

Referring  to  Figures  4 and  5,  there  are  two  immediately 
distinguishable  effects  of  nickel  surface  curvature  upon 
NiO  microstructure.  The  NiO  grain  size  is  larger  for  the 
oxide  formed  on  the  internal  surfaces  of  holes  and  the  frac- 
tion of  total  scale  thickness  composed  of  equiaxed  grains 
increases  with  decreasing  nickel  surface  curvature.  These 
observations  are  confirmed  by  the  results  of  mean  grain 
intercept  determinations  and  the  relative  thickness  of  scale 
layers.  Mean  values  of  the  number  of  NiO  grain  boundary 
intercepts  for  the  columnar  and  equiaxed  layers,  along  with 
corresponding  95%  confidence  intervals,  are  recorded  in 
Table  IV.  These  results  have  been  converted  into  mean 
grain  intercept  values  for  the  columnar  and  equiaxed  layers, 
A = 1/N^,  and  are  shown  in  Table  V.  The  relative  thickness 
of  scale  layers,  X^q/X,  is  given  in  Table  VI. 

Graphs  of  mean  grain  intercept  values  for  the  outer, 
columnar  grains  versus  nickel  surface  curvature  are  shown 
in  Figure  10.  After  a given  oxidation  time,  the  X~^q^  for 
any  hole  specimen  is  larger  than  the  X^qj  for  any  wire 
specimen . These  graphs  also  demonstrate  that  as  the  wire 
surface  curvature  decreases,  the  mean  grain  intercept  of 


*Np  is  the  mean  value  of  the  number  of  NiO  grain  boundary 
intercepts,  for  either  the  columnar  or  equiaxed  layer, 
divided  by  the  length  of  test  line  (0.074  mm)  and  X is  the 
corresponding  mean  grain  intercept. 


Table  IV 


Mean  Values  of  the  Number  of  NiO  Grain  Boundary 
Intercepts  for  the  Columnar  and  Equiaxed  Layers 
of  the  Scale  Formed  Upon  Wire  and  Hole  Nickel  270  Specimens 


Specimen 

Diameter 


(mm) 


Surface  Oxidation  Mean  Value  of 
Curvature,  Time  the  Number  of 

l/r  NiO  Grain 

Boundary  Inter- 
cepts  for  the 

(miT1  ) (hours)  Columnar  Layer 


Mean  Value  of 
the  Number  of 
NiO  Grain 
Boundary  Inter- 
cepts for  the 
Equiaxed  Layer 


0.584 

wire 

3.42 

4 

0.965 

wire 

2.07 

4 

1.575 

wi  re 

1.27 

4 

42.00 

+ 

1 . 38 

45.52 

+ 

1.67 

38.  54 

+ 

1 .65 

4 3.53 

+ 

2 .10 

36.76 

+ 

2.40 

41 . 34 

+ 

2 . 36 

1.575 

hole 

-1.27 

4 

0.965 

hole 

-2.07 

4 

0.584 

hole 

-3.42 

4 

17.50 

+ 

1 .47 

23.87 

+ 

0.63 

19.60 

+ 

0.89 

27.01 

+ 

0.85 

20.02 

+ 

1.17 

29.84 

+ 

0.  79 

0.584 

wire 

3.42 

9 

0.965 

wi  re 

2 . 07 

9 

1.575 

wire 

1.27 

9 

36.  72 

+ 

1 . 21 

39.  18 

+ 

1 .62 

32 . 40 

+ 

0.87 

32 .56 

+ 

1.30 

28.68 

+ 

1 . 00 

28.14 

+ 

1 . 36 

1.575 

hole 

-1.27 

9 

0.965 

hole 

-2.07 

9 

0.584 

hole 

-3.42 

9 

19.08 

+ 

0.94 

21 . 39 

+ 

0.72 

19.53 

+ 

0.91 

23.34 

+ 

0.70 

22 . 90 

+ 

0.82 

26.65 

+ 

0.88 
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Table  IV  - Continued 


Specimen 

Diameter 


Surface 
Curvature , 
1/r 


Oxidation 
T ime 


Mean  Value  of 
the  Number  of 
NiO  Grain 


Mean  Value  of 
the  Number  of 
NiO  Grain 


(mm) 

(mm  ) 

(hours) 

Boundary 
cepts  for 
Columnar 

Inter- 

the 

Layer 

Boundary 
cepts  for 
Lquiaxed 

Inter- 

the 

Layer 

0.58  4 

wire 

3.42 

16 

25.92 

+ 

1 . 00 

28.50  + 

1 . 38 

0.965 

wire 

2.07 

16 

23.02 

+ 

0.93 

24.88  + 

1.05 

1.575 

wire 

1.27 

16 

20.00 

+ 

0.64 

19.14  + 

1 . 14 

1 . 575 

hole 

-1.27 

16 

13.57 

+ 

0.51 

18.27  + 

0.91 

0.965 

hole 

-2.07 

16 

13.60 

+ 

0.56 

20.50  + 

1.10 

0.584 

hole 

-3.42 

16 

14.52 

+ 

0.78 

22.26  + 

0.65 

0.584 

wire 

3.42 

25 

24  . 50 

+ 

0.93 

25.70  + 

1 . 68 

0.965 

wire 

2.07 

25 

2 2.46 

+ 

0.77 

25.28  + 

1 .11 

1.  575 

wire 

1.27 

25 

18.56 

+ 

0.64 

19.42  + 

1 . 28 

1.575 

hole 

-1.27 

25 

11.56 

+ 

0.69 

16.08  + 

0.59 

0.965 

hole 

-2.07 

25 

12.21 

+ 

0.73 

17.88  + 

0.70 

0.584 

hole 

-3.42 

25 

11.97 

+ 

0.73 

18.82  + 

0.84 
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Specimen 

Diameter 

(mm) 

Surface 
Curvature , 
1/r 

(mm  ^) 

Table  IV  - 

Oxidation 
T ime 

(hours) 

Continued 

Mean  Value  of 
the  Number  of 
NiO  Grain 
Boundary  Inter- 
cepts for  the 
Columnar  Layer 

Mean  Value  of 
the  Number  of 
NiO  Grain 
Boundary  Inter- 
cepts for  the 
Iiquiaxed  Layer 

0.  584 

wire 

3.4  2 

36 

18.62 

+ 

0.74 

19.76 

+ 

1 . 30 

0.965 

wire 

2.07 

36 

17.76 

+ 

0 . 62 

19.68 

+ 

0.91 

1.575 

wire 

1.27 

36 

15.78 

+ 

0.55 

15.46 

+ 

0.62 

1.575 

hole 

-1.27 

36 

9.91 

+ 

0.39 

12.90 

+ 

0.52 

0.965 

hole 

-2.07 

36 

10.51 

+ 

0.43 

14.94 

+ 

0.62 

0.584 

hole 

-3.42 

36 

10.56 

+ 

0.38 

15.06 

+ 

0.56 

0.584 

wire 

3.42 

49 

19.36 

+ 

0.70 

21.64 

+ 

1.25 

0.965 

wire 

2.07 

49 

17  . 76 

+ 

0.52 

18.16 

+ 

1 . 01 

1.575 

wire 

1.27 

49 

14.80 

+ 

0.56 

15.50 

+ 

1 . 01 

1.575 

hole 

-1.27 

49 

8.99 

+ 

0.4  5 

11.51 

+ 

0.31 

0.965 

hole 

-2.07 

49 

9.03 

+ 

0.46 

12.37 

+ 

0.51 

0.584 

hole 

-3.42 

49 

9.14 

+ 

0.60 

12.94 

+ 

0.51 
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Table  V 

Mean  Grain  Intercept  Values  for  the 
Columnar  and  Equiaxed  Layers  of  the 
Scale  Formed  Upon  Wire  and  Hole 


Specimen 

Diameter 

(mm) 

Surface 
Curvature , 
1/r 

(mm  ■*■) 

Nickel  270  Specimens 

Oxidation  Mean  Crain 

Time  Intercept  for 

the  Columnar 

Layer  ACOl 

(hours)  (x  10  3 mm) 

Mean  Grain 
Intercept  for 
the  Equiaxed 
Layer,  A™ 

(x  10  3 mm) 

0.584 

wire 

3.42 

4 

1.76 

1 .62 

0.965 

wire 

2.07 

4 

1.92 

1.70 

1 .575 

wire 

1.27 

4 

2 . 01 

1 .79 

1.575 

hole 

-1.27 

4 

4.23 

3.10 

0.965 

hole 

-2.07 

4 

3.78 

2.74 

0.584 

hole 

-3.42 

4 

3.70 

2 .48 

0.584 

wire 

3.42 

9 

2 .02 

1.89 

0.965 

wire 

2.07 

9 

2.28 

2.27 

1 . 575 

wire 

1.27 

9 

2.58 

2.63 

1 . 575 

hole 

-1.27 

9 

3.88 

3.46 

0.965 

hole 

-2.07 

9 

3 . 79 

3.17 

0.584 

hole 

-3.42 

9 

3.23 

2.78 
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Table  V - Continued 


Specimen 

Diameter 

(mm) 

Surface 
Curvature , 
1/r 

(mm  1 ) 

Oxidation 
T ime 

(hours) 

Mean  Grain 
Intercept  for 
the  Columnar 

Layer  y- 

(x  10" 3 mm) 

Mean  Grain 
Intercept  for 
the  Equiaxed 

Layer,  ^xi;n 

( x 1 0 ' J mm) 

0.584 

wire 

3.42 

16 

2.85 

2.60 

0.965 

wire 

2 .07 

16 

3.21 

2 . 97 

1.575 

wire 

1.27 

16 

3.70 

3.87 

1.575 

hole 

-1.27 

16 

5.45 

4.05 

0.965 

hole 

-2.07 

16 

5.44 

3.61 

0.584 

hole 

-3.42 

16 

5.10 

3.32 

0.584 

wire 

3.42 

25 

3 .02 

2.88 

0.965 

wire 

2.07 

25 

3.29 

2 .93 

1.575 

wire 

1.27 

25 

3.99 

3.81 

1.575 

hole 

-1.27 

25 

6.40 

4.60 

0.965 

hole 

-2.07 

25 

6.06 

4.14 

0.584 

hole 

-3.42 

25 

6.18 

3.93 
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Table  V - Continued 


Specimen 

Diameter 


(mm) 


Surface 
Curvature , 
1/r 

(mm  ^ ) 


Oxidation  Mean  Grain 
Time  Intercept  for 

the  Columnar 
Layer,  XCOl 
(hours)  (x  10" 3 mm) 


Mean  Grain 
Intercept  for 
the  Equiaxed 
Layer  A™ 

(x  10"3  mm) 


0.584  wire 

3.42 

36 

3.97 

3.74 

0.965  wire 

2.07 

36 

4.17 

3.  76 

1.575  wire 

1.27 

36 

4 . 69 

4.79 

1.575  hole 

-1.27 

36 

7.47 

5.74 

0.965  hole 

-2.07 

36 

7 . 04 

4.95 

0.584  hole 

-3.42 

36 

7.01 

4.91 

0.584  wire 

3.42 

49 

3.82 

3.42 

0.965  wire 

2 .07 

49 

4.17 

4.07 

1.575  wire 

1.27 

49 

5 . 00 

4 .77 

1.575  hole 

-1.27 

49 

8.23 

6.43 

0.965  hole 

-2.07 

49 

8.19 

5 . 75 

0.584  hole 

-3.42 

49 

8 . 10 

5 .72 

Table  VI 


Equiaxed  Fraction  of  the  Total  Scale  Thickness 
for  Wire  and  Hole  Nickel  270  Specimens 


Specimen 

Diameter 

(mm) 

Surface 
Curvature , 

wq 

(mm  ) 

Oxidation 

Time 

(hours ) 

Equiaxed  Fraction 
of  Total  Scale 
Thickness , 

Xpq/X 

0.584  wire 

.3.42 

4 

0.41 

0.965  wire 

2.07 

4 

0.44 

1.575  wire 

1 .27 

4 

0.45 

1.575  hole 

-1.27 

4 

0.37 

0.965  hole 

-2.07 

4 

0.47 

0.584  hole 

-3.42 

4 

0.52 

0.584  wire 

3.42 

9 

0.33 

0.965  wire 

2 . 07 

9 

0.36 

1.575  wire 

1.27 

9 

0.38 

1.575  hole 

-1.27 

9 

0.42 

0.965  hole 

-2.07 

9 

0.46 

0.584  hole 

-3.42 

9 

0.53 
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Table  VI  - Continued 


Specimen 

Diameter 

(mm) 

Surface 
Curvature , 
l/r 
(mm'  -1) 

Oxidation 
T ime 

(hours) 

Equiaxed  Fraction 
of  Total  Scale 
Thickness , 

Vx 

0.584  wire 

3.42 

16 

0.31 

0.965  wire 

2 . 07 

16 

0.3  3 

1.575  wire 

1.27 

16 

0.37 

1.575  hole 

-1.27 

16 

0 .43 

0.965  hole 

-2.07 

16 

0.49 

0.584  hole 

-3.42 

16 

0.53 

0.584  wire 

3.42 

25 

0.3  7 

0.965  wire 

2.07 

25 

0 . 36 

1.575  wire 

1.27 

25 

0.36 

1.575  hole 

-1.27 

25 

0.45 

0.965  hole 

-2.07 

25 

0.48 

0.584  hole 

-3.42 

25 

0.53 

Table  VI  - Continued 


Specimen 

Diameter 

(mm) 

Surface 
Curvature , 
i/r 
(mm"  -1) 

Oxidation 
T ime 

(hours) 

Equiaxed  Fraction 
of  Total  Scale 
Thickness , 
xEq/x 

0.584  wire 

3.42 

36 

0.37 

0.965  wire 

2.07 

36 

0.39 

1.575  wire 

1 .27 

36 

0.41 

1.575  hole 

-1.27 

36 

0.44 

0.965  hole 

-2.07 

36 

0 . 49 

0.584  hole 

-3.42 

36 

0.52 

0.584  wire 

3.42 

49 

0.35 

0.965  wire 

2.07 

49 

0.40 

1.575  wire 

1.27 

49 

0.42 

1.575  hole 

-1.27 

49 

0.46 

0.965  hole 

-2.07 

49 

0.49 

0.584  hole 

-3.42 

49 

0.5  3 
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Nickel  surface  curvature  (mm 


Figure  10.  Mean  grain  intercept  of  the  columnar 
layer,  Apog,  versus  nickel  surface 
curvature,  1/ r , (a)  Wire  specimens, 
(b)  Hole  specimens. 
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the  columnar  layer  increases  (Figure  10a),  but  as  the 
hole  surface  curvature  decreases,  the  mean  grain  intercept 
of  the  columnar  layer  decreases  (Figure  10b).  Comparison 
of  Figure  9 (average,  total  scale  thickness  versus  nickel 
surface  curvature  for  wires)  and  Figure  10a  reveals  that 
an  increase  in  is  coordinated  with  an  increase  in 

total  scale  thickness  over  the  same  variation  in  wire  sur- 
face curvature.  Similar  comparison  of  Figure  9 (average, 
total  scale  thickness  versus  nickel  surface  curvature  for 
holes)  and  Figure  10b  reveals  that  an  increase  in  A^j  is 
not  coordinated  with  an  increase  in  total  scale  thickness 
over  the  same  variation  in  hole  surface  curvature. 

Results  similar  to  those  found  for  th e mean  g r a i n 
intercept  of  the  columnar  layer  are  obtained  for  the  mean 
grain  intercept  of  the  equiaxed  layer.  The  A^q  data  are 
plotted  versus  nickel  surface  curvature  in  Figure  11. 

A linear  dependence  is  found  at  all  oxidation  times 
when  the  ratio  of  equiaxed  layer  thickness  to  total  scale 
thickness,  X^q/X,  is  plotted  against  nickel  surface  curva- 
ture, Figure  12.  As  the  nickel  surface  curvature  decreases , 
the  equiaxed  layer  becomes  a monotonically  increasing  frac- 
tion of  the  total  scale  thickness . 

One  not  so  apparent  effect  of  nickel  surface  curvature 
upon  NiO  microstructure  involves  the  ratio  of  columnar 
layer  thickness  to  the  mean  grain  intercept  of  the  columnar 
grains,  ^col^CO!  • The  "columnar  i ty"  values  of  the  outer 
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Figure  11.  Mean  grain  intercept  of  the  equiaxed 
layer,  Apq,  versus  nickel  surface 
curvature,  1/r,  fa)  Wire  specimens, 
(b)  Hole  specimens . 
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(b)  Specimens  oxidized  for  9 hours. 
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(c)  Specimens  oxidized  for  16  hours. 
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(d)  Specimens  oxidized  for  25  hours. 
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(e)  Specimens  oxidized  for  36  hours. 
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(£)  Specimens  oxidized  for  49  hours. 


layer  are  presented  in  Table  VII  and  graphed  versus  nickel 
surface  curvature  in  Figure  13.  The  curves,  at  all  oxida- 
tion times,  indicate  that  a linear  dependence  of  columnarity 
upon  nickel  surface  curvature  exists  and  that  columnarity 
decreases  with  decreasing  nickel  surface  curvature. 

3.1.3.  Examination  of  the  Best-Fit  Scale  Thickening  Curves 
for  Wire  and  Hole  Specimens  at  Short  Oxidation  Times 

Best-fit  curves,  of  the  form  X = At®  + C,*  were  calcu- 
lated from  the  total  scale  thickness  and  columnar  layer 
thickness  data  of  Tables  III  and  VIII.  Extrapolation  of 
these  curves  to  zero  oxidation  time  is  shown  in  Figures  14 
and  15.  It  is  an  important  observation  that  all  the  curves 
intersect  the  oxidation  time  axis  at  positive  values  and  do 
so  in  decreasing  order  from  the  smallest  diameter  wire 
(highest  surface  curvature)  to  the  smallest  diameter  hole 
(lowest  surface  curvature). 


3.2.  Growth  of  NiO  Upon  Flat  Specimens 

Oxidation  temperature  also  influences  both  the  total 
scale  thickness  and  microstructure  of  NiO,  as  illustrated 
by  Figure  6.  These  photomicrographs  reveal  that  the  NiO 
scale  formed  at  1000°C  is  thicker  than  that  formed  at  800°C, 


*X  is  scale  thickness  of  either  the  total  or  columnar  layer 
in  microns,  t is  oxidation  time  in  hours  and  A,  B and  C 
are  constants. 
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Table  VII 

Columnarity  Values  of  the  Outer  Layer  of  NiO 
formed  Upon  Wire  and  Hole  Nickel  270  Specimens 


Specimen 

Diameter 

(mm) 

Surface 
Curvature , 
1/r  (mm~l) 

Oxidation 
T ime 
(hours ) 

Columnarity  of  the 
Outer  Layer, 

xcol/acol 

0.584  wire 

3.4  2 

4 

2.80 

0.965  wire 

2.07 

4 

2 . 60 

1.575  wire 

1.27 

4 

2.76 

1.575  hole 

-1.27 

4 

2.47 

0.965  hole 

-2.07 

4 

2-.  38 

0.584  hole 

-3.42 

4 

2.11 

0.584  wire 

3.42 

9 

4.32 

0.965  wire 

2.07 

9 

3.92 

1.575  wire 

1.27 

9 

3.54 

1.575  hole 

-1.27 

9 

3.05 

0.965  hole 

-2.07 

9 

2 .80 

0.584  hole 

-3.42 

9 

2 .70 
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Table  VII  - Continued 


Specimen 

Diameter 

(mm) 

Surface 
Curvature , 
1/r  (mm"l) 

Oxidation 

Time 

(hours) 

Columnarity  of  the 
Outer  Layer, 

XC0l/*C0L 

0.584  wire 

3.42 

16 

4 .28 

0.965  wire 

2.07 

16 

3.91 

1.575  wire 

1 .27 

16 

3.24 

1.575  hole 

-1.27 

16 

3.05 

0.965  hole 

-2.07 

16 

2.58 

0.584  hole 

-3.42 

16 

2.72 

0.584  wire 

3.42 

25 

3.98 

0.965  wire 

2.07 

25 

4 . 08 

1.575  wire 

1.  27 

25 

3.75 

1.575  hole 

-1.27 

25 

2.63 

0.965  hole 

1 

K) 

O 

25 

2 .88 

0.584  hole 

-3.42 

25 

2.63 
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Specimen 

Diameter 

(mm) 


0.584  wire 
0.965  wire 

1.575  wire 

1.575  hole 
0.965  hole 
0.584  hole 

0.584  wire 
0.965  wire 

1.575  wire 

1.575  hole 
0.965  hole 
0.584  hole 


Table  VII  - Continued 


Surface 
Curvature , 
1/r  (mm'l) 

Oxidation 
T i me 
(hours) 

Columnarity  of  the 
Outer  Layer, 

XCOl/XCOL 

3.42 

36 

3.60 

2.07 

36 

3.49 

1 . 27 

36 

3.40 

-1.27 

36 

2.89 

-2.07 

36 

2.97 

-3.42 

36 

2 . 86 

3.42 

49 

4 .55 

2 . 07 

49 

4 .10 

1.27 

49 

3.5  5 

-1.27 

49 

2.69 

-2.07 

49 

2.66 

-3.42 

49 

2 . 59 

69 


CO 

3 

co 

fi 

CD 

> 

— ! 
O 
U 

k< 

-3 

1 — 1 

o 

CO 

1 

u 

3 

i>: 

X 

3 

O 

s — " 

rv 

lC 

LU 

U • 

CD  C. 

*d- 

or 

ZD 

cd  i — i 

3 

\— 

rH 

o 

<c 

*\ 

m 

> 

Ci  CD 

q: 

CD  Sh 

ro 

ZD 

*->  3 

CD 

u 

3 4-> 

N 

o cd 

•H 

LU 

> 

HD 

o 

(D  W 

•H 

< 

X 3 

X 

LL 

■M  U 

o 

OZ 

ZD 

Mh  (U 

CO 

oo 

O U 

c 

Cd 

CD 

_l 

xm 

S 

LU 

+->  Jh 

•H 

•h  a 

u 

O 

(~I  CO 

CD 

•— 1 

cd 

Cl 

C i-t 

LO 

e cd 

r-C  U 

O ’H 

cd 

U 3 

' * 

Figure  13. 

U3AV1  adino 

3H1  dO  AliaVNWmcrj 


7 0 


Ln  -=r  cni  1 


i 

2: 


LU 

cc 

ZD 

H- 

< 

> 

Del 

13 

U 


LU 

U 

< 

LL 

cr 

ZD 

co 


LU 

o 


TD 

<D 

P 

c 


c 

o 

u 


to 


<D 

P 

M 


y'dAvi  ddino 

3 Ml  dO  AliaVNWmOQ 


(b)  Specimens  oxidized  for  9 hours. 
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C C ) Specimens  oxidized  for  16  hours. 
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(d)  Specimens  oxidized  for  25  hours. 
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Table  VIII 


Columnar  Layer  Thickness  Measurements  for 
Wire  and  Hole  Nickel  270  Specimens 


Specimen  Surface  Oxidation  Columnar  Layer 

Diameter  Curvature,  Time  Thickness, 

(mm)  1/r  (mm  - 1)  (hours)  XC0L  (xl0'3mm) 


0.584 

wire 

3.42 

4 

4.92 

+ 

0.59 

0.965 

wire 

2.07 

4 

4.99 

+ 

0.42 

1.575 

wire 

1.27 

4 

5.54 

+ 

0.45 

1.575 

hole 

-1.27 

4 

10.45 

+ 

0.64 

0.965 

hole 

-2.07 

4 

9.01 

+ 

0.79 

0.584 

hole 

-3.42 

4 

7.80 

+ 

0.56 

0.584 

wire 

3.42 

9 

8.72 

+ 

0.65 

0.965 

wire 

2.07 

9 

8.95 

+ 

0.75 

1.575 

wire 

1.27 

9 

9.13 

+ 

0.77 

1.575 

hole 

-1.27 

9 

11.83 

+ 

0.91 

0.965 

hole 

-2.07 

9 

10.63 

+ 

1.04 

0.584 

hole 

-3.42 

9 

8.74 

+ 

0.63 
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Table  VIII  - Continued 


Specimen 

Diameter 

(mm) 


Surface 
Curvature , 
1/r  (mm~l) 


Oxidation  Columnar  Layer 

Time  Thickness, 

.(hours)  ^COL 


0.584 

wire 

3.42 

16 

12.21 

+ 

0.57 

0.965 

wire 

2.07 

16 

12  . 55 

+ 

0.55 

1.  575 

wire 

1.27 

16 

12  . 00 

+ 

0.71 

1.575 

hole 

-1.27 

16 

16.64 

+ 

1.40 

0.965 

hole 

-2.07 

16 

14.01 

+ 

1 .15 

0.584 

hole 

-3.42 

16 

13.86 

+ 

1.31 

0.584 

wire 

3.42 

25 

12.03 

+ 

0.84 

0.965 

wire 

2 . 07 

25 

13.43 

+ 

0.83 

1.  5 75 

wire 

1 .27 

25 

14.95 

+ 

1.13 

1.575 

hole 

-1.27 

25 

16.84 

+ 

1.09 

0.965 

hole 

-2.07 

25 

17.44 

+ 

1.41 

0.584 

hole 

-3.42 

25 

16.25 

+ 

1.42 
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Table  VIII  - Continued 


Specimen 

Diameter 

(mm) 


Surface  Oxidation  Columnar  Layer 

Curvature,  Time  Thickness, 

1/r  (mm'1)  (hours)  XCQI  (x  10-3  mm) 


0.  S84 

wire 

3.42 

36 

14.28 

+ 

1.06 

0.965 

wire 

2.07 

36 

14.54 

+ 

0.65 

1.575 

wire 

1.27 

36 

15.96 

+ 

0.98 

1.575 

hole 

-1.27 

36 

21 . 57 

+ 

1 . 56 

0.965 

hole 

-2.07 

36 

20.93 

+ 

1 . 33 

0.584 

hole 

-3.42 

36 

20.02 

+ 

0.83 

0.584 

wire 

3.42 

49 

17.40 

+ 

1.73 

0.965 

wire 

2.07 

49 

17.08 

+ 

0.81 

1.575 

wire 

1.27 

49 

17.77 

+ 

0.77 

1.575 

hole 

-1.27 

49 

22.13 

+ 

1 . 73 

0.965 

hole 

-2.07 

49 

21.83 

+ 

1.35 

0.584 

hole 

-3.42 

49 

20.98 

+ 

1.63 
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Figure  14.  Total  scale  thickness,  X,  versus 

oxidation  time,  t,  extrapolated  to 
t = 0 for  wire  and  hole  specimens. 
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Figure  14.  (continued). 


lOTAL  SCALE  y TOTAL  SCALE 

THICKNESS  (xlO  J MM)  THICKNESS  (xlO~^  MM) 
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(d)  1.575  mm  diameter  hole  specimen. 


Figure  14. 


(continued) . 
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Figure  14.  (continued). 
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s; 


Figure  15.  Columnar  layer  thickness,  XC0L, 

versus  oxidation  time,  t,  extrapo- 
lated to  t = 0 for  wire  and  hole 
specimens . 
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Figure  15.  (continued). 
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Figure  15. 


(continued) . 
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the  NiO  scale  formed  at  800°C  is  f iner- gra ined  than  that 
formed  at  1000°C  and  the  equiaxed  layer  thickness  is  a 
larger  fraction  of  the  total  scale  thickness  at  800°C  than 
at  1000°C. 

3.2.1.  Total  Scale  Thickness  of  NiO  formed  Upon  Flat 
Specimens 

Total  NiO  scale  thickness  data  for  flat  specimens 
oxidized  at  1000°C  and  800°C  are  recorded  in  Table  IX 
along  with  their  respective  951  confidence  intervals.  These 
data,  when  plotted  against  oxidation  time,  result  in  the 
scale  thickening  curves  of  Figure  16.  The  kinetic  equations 
for  these  best-fit  curves  and  their  corresponding  correla- 
tion coefficients  are  given.  Thicker  NiO  scales  are  formed 
at  the  higher  oxidation  temperature. 

3.2.2.  Microstructure  of  NiO  Formed  Upon  Flat  Specimens 

Qualitative  correlation  between  total  NiO  scale  thick- 
ness and  NiO  microstructure  is  found  from  examination  of 
Figure  6.  A coarse-grained,  thick  oxide  develops  at  1000°C 
compared  to  a fine-grained,  thin  oxide  at  800°C.  Th i s 
observation  of  coordination  betwen  NiO  grain  growth  and 
NiO  scale  growth  upon  flat  specimens  is  in  agreement  with 
earlier  work  [18,  19]. 

Another  microstructural  feature  of  NiO  influenced  by 
oxidation  temperature  is  the  relative  thickness  of  scale 
layers,  Table  X.  When  the  equiaxed  fraction  of  total  scale 
thickness,  Xp^/X,  is  plotted  versus  oxidation  time,  Figure 
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Table  IX 

Total  NiO  Scale  Thickness  Measurements  for 
Flat  Nickel  270  Specimens 


Specimen  Oxidation 
Temperature 
(°C) 

Oxidation  Time 
(hours) 

Total  Scale 
Thickness,  X 
(x  10'3  mm) 

1000 

4 

10.62  + 0.60 

800 

4 

1000 

9 

14.70  + 0.92 

800 

9 

8.36  + 0.48 

1000 

16 

20.54  + 0.98 

800 

16 

10.01  + 0.39 

1000 

25 

22.88  + 1.18 

800 

25 

12.19  + 0.34 

1000 

36 

29.18  + 1.30 

800 

36 

13.54  + 0.46 

1000 

49 

30.63  + 0.91 

800 

49 

14.95  + 0.40 
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Figure  16.  Total  scale  thickness,  X,  versus  oxidation 
time,  t,  for  flat  specimens. 

(a)  Specimens  oxidized  at  1000°C. 
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Figure  16.  (continued). 


(b)  Specimens  oxidized  at  800°C. 
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Table  X 

Equiaxed  Fraction  of  the  Total  Scale  Thickness 
for  Flat  Nickel  270  Specimens 


Specimen  Oxidation 
Temperature 

(°C) 

1000 

800 

1000 

800 

1000 

800 

1000 

800 

1000 

800 

1000 

800 


Oxidation  Time 

(hours ) 

4 

4 

9 

9 

16 

16 

25 

25 

36 

36 

49 

49 


Equiaxed  Fraction 
of  Total  Scale 
Thickness , 

xeq/x 

0.39 

0.41 

0.56 

0.40 

0.55 

0.36 

0.56 

0.36 

0.56 

0.35 

0.55 
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17,  it  is  clearly  seen  that  a smaller  fraction  of  the 
total  scale  thickness  consists  of  equiaxed  grains  after 
oxidation  at  1000°C  than  at  800°C. 

3.2.3.  Examination  of  the  Best-Fit  Scale  Thickening  Curves 
for  Flat  Specimens  at  Short  Oxidation  Times 

"D  ^ 

Best-fit  curves,  of  the  form  X = At  + C,  were  cal- 
culated from  the  total  scale  thickness  and  columnar  layer 
thickness  data  of  Tables  IX  and  XI.  Extrapolation  of  these 
curves  to  zero  oxidation  time  is  shown  in  Figures  18  and  19. 
As  was  the  case  for  wire  and  hole  specimens,  all  the  curves 
intersect  the  oxidation  time  axis  at  positive  values.  The 
1000°C  curves  have  larger  intercepts  than  the  corresponding 
800°C  curves. 


*X  is  scale  thickness  of  either  the  total  or  columnar  layer 
in  microns,  t is  oxidation  time  in  hours  and  A,  B and  C 
are  constants. 


Equiaxed  fraction  of  total  scale  thickness 
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0.55- 


0.50- 


800°  C 


0.45 


Oxidation  time  (hours) 


Figure  17.  Equiaxed  fraction  of  total  scale  thickness, 
Xeq/X,  versus  oxidation  time,  t,  for  flat 
specimens . 
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Table  XI 


Columnar  Laye 
Flat 

r Thickness  Measurements  for 
Nickel  270  Specimens 

Specimen  Oxidation 
Temperature 

C°c) 

Oxidation  Time 
• 

(hours) 

Columnar  Layer 
Thickness , 

XCoi  (x  16' 3 mm) 

1000 

4 

6.48  + 0.41 

800 

4 

1000 

9 

8.60  + 0.32 

800 

9 

3.67  + 0.51 

1000 

16 

12.34  + 0.49 

800 

16 

4.52  + 0.43 

1000 

25 

14.64  + 0.31 

800 

25 

5.34  + 0.40 

1000 

36 

18.70  + 0.76 

800 

36 

5.99  + 0.43 

1000 

49 

19.82  + 0.72 

800 

49 

6.67  + 0.38 
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Figure  18.  Total  scale  thickness,  X,  versus 
oxidation  time,  t,  extrapolated 
to  t = 0 for  flat  specimens. 
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Figure  19.  Columnar  layer  thickness,  X^q^, 

versus  oxidation  time,  t,  extrapo- 
lated to  t = 0 for  flat  specimens. 


CHAPTER  IV 


DISCUSSION  OF  THE  EXPERIMENTAL  RESULTS 


In  order  to  define  the  scope  of  the  discussion  that 
follows,  the  principal  experimental  facts  that  can  now 
be  considered  to  have  been  established  will  be  summarized. 

1.  Nucleation  of  the  first  oxide  occurs  along  grain 
boundaries  of  the  metal  [62-64],  Many  NiO  nuclei  form 
upon  a single  nickel  grain  [14,  22]  and  begin  to  grow 
by  the  addition  of  oxygen  ions  at  their  edges  [66]. 

2.  The  transport  of  nickel  through  the  NiO  scale  involves 
the  diffusion  of  nickel  ions  outAvard  through  the  NiO 
lattice  [ 35 , 37] . 

3.  Evidence  for  oxygen  diffusion  has  been  supplied  by 

tracer  analysis  [105]  wherein  nickel  was  oxidized  first 

in  a pure  160  atmosphere  and  then  in  an  160  plus  180 

atmosphere.  Subsequent  analysis  verified  the  presence 
1 8 

of  0 all  the  way  to  the  metal/oxide  interface. 

4.  The  transport  of  oxygen  through  the  NiO  scale  involves 
the  diffusion  of  oxygen  ions  inward  along  NiO  grain 
boundaries  [38,  39]. 

5.  The  formation  of  new  NiO  occurs  along  a common  reaction 
interface  for  nickel  and  oxygen  ions--the  NiO  grain 
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boundaries -- as  well  as  at  the  external  surface  and 
metal/oxide  interface  [18]. 

6.  Lateral,  compressive  stresses  are  generated  within  the 
scale  during  oxidation  [7,  16,  48-52]. 

7.  Plastic  deformation  of  NiO  occurs  during  oxidation  [18, 
13,  16,  32,  58-60]. 

8.  Ridges  of  NiO  located  on  the  external  surface,  their 
spacing  corresponding  to  the  lateral  spacing  of  the 
columnar  grain  boundary  intersections  with  the  external 
surface,  appear  early  in  oxidation  [18].  With  con- 
tinued growth  these  ridges  become  broader  and  less 
distinct  until  the  external  surface  becomes  faceted. 

9.  NiO  grain  growth  occurs  in  quantitative  proportion  to 
NiO  scale  growth  [8,  18,  19,  26-29]. 

10.  NiO  scale  growth  does  not  occur  in  the  absence  of  NiO 
grain  growth,  nor  is  grain  growth  observed  without 
oxidation  [18] . 

The  above  facts  reveal  that  NiO  scale  growth,  NiO 
grain  growth,  stress  generation  within  the  scale  and  plastic 
deformation  of  the  oxide  are  mutually  interdependent  com- 
ponents of  the  high- temperature  oxidation  of  nickel.  There- 
fore, any  variable  of  the  oxidation  process  affecting  any 
one  of  these  components,  must  also  affect  the  other  three. 
The  current  research  proposes  that  two  such  variables  are 
the  nickel  surface  curvature  and  the  oxidation  temperature. 
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The  Effect  of  Nickel  Surface  Curvature 
Upon  the  High-Temperature  Oxidation  oF  Nickel 

Oxidation  of  Nickel  270  wire  and  hole  specimens  at 

1000  C has  yielded  the  following  results: 

1.  All  scale  thickening  curves  intersect  the  oxidation 
time  axis  at  positive  values  and  do  so  in  decreasing 
order  from  the  smallest  diameter  wire  to  the  smallest 
diameter  hole  (i.e.  an  incubation  period  exists  in  all 
cases) . 

2.  Two  linear  relationships  exist  between  total  scale 
thickness  and  nickel  surface  curvature  — one  for  wire 
specimens  and  one  for  hole  specimens.  In  each  case, 
the  total  scale  thickness  increases  linearly  with  de- 
creasing nickel  surface  curvature,  but  the  linear  rela- 
tionship found  for  hole  specimens  is  displaced  above 
that  for  wire  specimens. 

3.  The  NiO  grain  size,  as  measured  by  AC0L  and  AEQ , is 
larger  upon  hole  specimens  than  upon  wire  specimens. 

Both  and  A^q  increase  as  wire  surface  curvature 

decreases  and  decrease  as  hole  surface  curvature  de- 
creases . 

4.  The  relative  thickness  of  the  equiaxed  layer  to  the 
total  scale  thickness,  Xpg/X,  increases  linearly  with 
decreasing  nickel  surface  curvature. 

5.  The  columnarity  of  the  outer  layer,  X^/A^  , decreases 
linearly  with  decreasing  nickel  surface  curvature. 
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These  results,  when  combined  with  the  foregoing 
established  facts,  lead  to  a new  model  of  the  high- 
temperature  oxidation  of  nickel. 

4* 1.1-  Proposed  Model  of  the  High-Temperature  Oxidation  of 
Nickel 

Nucleation  of  the  first  oxide  begins  along  grain  bound- 
aries of  the  underlying  metal  [62.65]  and  spreads  across 
the  grains.  These  nuclei,  formed  upon  nickel  grains  [14,  22] 
grow  by  the  addition  of  oxygen  ions  at  their  edges  until 
they  impinge,  one  upon  the  other,  and  the  nickel  surface 
becomes  completely  covered  by  a thin  film  of  NiO  [66]. 
Following  complete  coverage  of  the  metal,  oxidation  is  con- 
trolled by  the  outward  diffusion  of  nickel  ions  through  the 
NiO  lattice  to  the  external  surface,  whereupon  oxygen  ions 
are  contacted  and  new  NiO  is  formed.  During  this  initial, 
diffusion-controlled  stage  of  oxidation,  accretion  of  NiO 
upon  the  external  surface  develops  a layer  of  columnar  grains 
Presently,  oxygen  ions  diffusing  inward  along  NiO  grain 
boundaries  meet  nickel  ions  diffusing  outward  through  the 
NiO  lattice  to  form  new  NiO  along  a common  reaction  inter- 
face--the  oxide  grain  boundaries.  Gradually,  after  a 
sufficient  columnar  layer  thickness  is  attained,  a later 
stage  of  oxidation  begins  which  is  characterized  by  the 
onset  of  NiO  grain  boundary  sweeping  and  the  nucleation  of 
new  oxide  grains  at  the  metal/oxide  interface.  Scale  growth 
during  this  later  stage  of  oxidation  occurs  by  swelling  of 
the  oxide,  which  causes  a faster  rate  of  oxidation  than  of 
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accretion  of  oxide  upon  the  external  surface  (initial 
stage  of  oxidation).  This  two-stage  oxidation  process 
is  shown  schematically  in  Figure  20. 

During  the  initial  stage  of  oxidation  the  scale  is 
composed  of  columnar  grains  which  grow  outward  from  the 
metal  surface.  New  NiO  is  formed  along  the  oxide  grain 
boundaries  which  lie  normal  to  the  metal/oxide  interface, 
thus  creating  a lateral  "wedging  effect"  upon  neighboring 
NiO  grains  and  establishing  compressive  stresses  within 
the  scale.  As  long  as  the  scale  is  relatively  thin,  any 
plastic  response  of  the  NiO  to  relieve  these  compressive 
stresses  occurs  by  the  outward  extrusion  of  newly  formed 
NiO  along  the  oxide  grain  boundaries.  Manifestation  of 
this  outward  extrusion  is  shown  in  the  scanning  electron 
micrograph  of  Figure  21.  Ridges  of  extruded  oxide  appear 
on  the  external  surface  having  the  same  spacing  as  the 
intersection  of  columnar  grain  boundaries  with  the  external 
surface . 

The  later  stage  of  oxidation  begins  when  the  columnar 
layer  of  the  NiO  scale  develops  sufficient  thickness  so 
that  outward  extrusion  of  newly  formed  NiO  is  no  longer 
energetically  expedient.  At  this  point,  relief  of  the 
lateral,  compressive  stresses  by  plastic  deformation  in- 
volves the  passage  of  shear  across  NiO  grain  boundaries,  a 
circumstance  which  increases  the  local  curvature  of  the 
grain  boundaries  [104],  Increased  grain  boundary  curvature 


oCALE  THICKNESS 
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Oxidation  time 


Figure  20. 


Schematic  representation  of  the  proposed 
two-stage  oxidation  model. 
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1000X 


Figure  21.  Scanning  electron  micrograph  illus- 
trating the  surface  morphology  of 
NiO  grown  upon  a flat  Nickel  270 
specimen  at  800cC  for  1 hour.  Note 
the  ridges  of  NiO  along  the  oxide 
grain  boundaries. 
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results  in  grain  boundary  sweeping  and  grain  growth,  under 
the  influence  of  surface  tension,  in  order  to  minimize  NiO 
grain  boundary  surface  area.  The  sweeping  of  NiO  grain 
boundaries  provides  for  a moving  reaction  front,  whereupon 
nickel  and  oxygen  ions  meet  to  form  new  NiO,  and  for  the 
distribution  of  newly  formed  oxide  throughout  the  scale 
volume.  This  results  in  swelling  of  the  oxide  scale  and  in 
nucleation  of  new,  NiO  grains  at  the  metal/oxide  interface. 


4.1.2.  The  Effect  of  Nickel  Surface  Curvature  Upon  the 
Proposed  Model 

Nickel  surface  curvature  affects  the  proposed  model  of 
oxidation  by  controlling  the  onset  of  NiO  grain  boundary 
sweeping  (later  stage  of  oxidation) . It  is  believed  that 
the  curvature  of  the  oxidizing  surface  affects  the  lateral, 
compressive  stresses  generated  during  oxidation.  This  belief 
arises  from  the  fact  that  as  the  nickel  surface  curvature 
decreases,  the  newly  formed  NiO  must  grow  into  progressively 
decreasing  space,  for  a given  scale  thickness,  thereby 
exerting  a greater  force  upon  neighboring  NiO  grains.  Con- 
sequently, the  onset  of  NiO  grain  boundary  sweeping  and 
nucleation  of  new  NiO  grains  at  the  metal/oxide  interface 
occurs  earlier  in  oxidation  as  nickel  surface  curvature 
decreases.  This  trend  applies  continuously  from  sharply 
convex  to  sharply  concave  surface  curvature. 


Graphical  support  of  this  consequence  is  given  by 
Figures  14  and  15,  total  scale  thickness  and  columnar  layer 
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thickness,  respectively,  versus  oxidation  time  for  wire  and 
hole  specimens.  Examination  of  these  curves  reveals  a con- 
sistent trend  in  the  point  at  which  they  intersect  the 
oxidation  time  axis.  These  intersections  correspond  to 
point  A in  Figure  20,  the  schematic  representation  of 
oxidation,  and  estimate  the  time  during  which  diffusion- 
controlled  growth  of  NiO  occurs  (initial  stage)  and  before 
which  NiO  grain  boundary  sweeping  begins  (later  stage). 

The  value  of  each  of  these  intercepts  is  shown  as  incubation 
time  in  Tables  XII  and  XIII,  as  calculated  from  the  kinetic 
equations  for  total  scale  thickness  and  columnar  layer  thick- 
ness, respectively.  A decrease  in  the  incubation  time  with 
decreasing  nickel  surface  curvature  results  in  each  case. 
Thus,  nickel  surface  curvature  controls  the  onset  of  NiO 
grain  boundary  sweeping.  As  nickel  surface  curvature  de- 
creases, NiO  grain  boundary  sweeping  begins  earlier  in 
oxidation . 

The  incubation  times  calculated  from  the  kinetic 
equations  and  presented  in  Tables  XII  and  XIII  should  not 
be  taken  as  the  moment  of  onset  of  NiO  grain  boundary 
sweeping.  These  values  merely  indicate  that  NiO  grain 
boundary  sweeping  begins  earlier  in  oxidation  as  nickel 
surface  curvature  decreases. 


4.1.3.  The  Effect  of  Nickel  Surface  Curvature  Upon  the  Scale 
Thickening  and  Microstructural  Evolution  of  NiO 

Support  for  the  proposed  model  of  the  high- temperature 

oxidation  of  nickel  is  also  found  in  the  effect  of  nickel 
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Table  XII 

Incubation  Times  for  NiO  Grown  Upon  Wire  and 
Hole  Nickel  270  Specimens  Calculated  From 
Total  Scale  Thickness  Data 


Specimen 

Diameter 

(mm) 


Surface 
Curvature , 
1/r  (mm'-*-) 


Incubation 
Time 
(hours ) 


0.584 

wire 

3.42 

2 . 90 

X 

10-1 

0.965 

wire 

2 .07 

2 . 31 

X 

10'1 

1.575 

wire 

1 . 27 

1 .10 

X 

10"1 

1 .575 

hole 

-1.27 

1.15 

X 

- ? 

10  4 

0.965 

hole 

-2.07 

8.  32 

X 

- X 

10 

0.584 

hole 

-3.42 

4 . 22 

X 

- 3 

10  J 
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Table  XIII 

Incubation  Times  for  NiO  Grown  Upon  Wire  and 
Hole  Nickel  270  Specimens  Calculated  From 
Columnar  Layer  Thickness  Data 


Specimen 
Diamete  r 
(mm) 


Surface  Incubation 

Curvature > Time 

1/r  (mm'l)  (hours) 


0.584 

wi  re 

3.42 

3.24 

X 

10'1 

0.965 

wi  re 

2.07 

2.  30 

X 

10"1 

1 .575 

wire 

1 .27 

1 .77 

X 

10'1 

1.575  hole 
0.965  hole 


-1.27  1.42  x 10"4 

-2.07  8.08  x 10"3 

4.57  x 10'3 


0.584  hole 


-3.42 


107 


surface  curvature  upon  the  scale  thickening  and  microstruc- 
tural  evolution  of  NiO.  These  effects  can  be  explained 
in  terms  of  the  control  of  nickel  surface  curvature  over 
the  onset  of  NiO  grain  boundary  sweeping. 

4 . 1 . 3 . 1 . Scale  thickening  upon  wire  and  hole  specimens 

Scale  thickening  during  the  later  stage  of  oxidation 

is  enhanced  over  that  during  the  initial  stage  because  NiO 
grain  boundary  sweeping  causes  swelling  of  the  oxide,  not 
merely  accretion  of  oxide  upon  the  external  surface.  It 
follows  that  the  earlier  the  onset  of  NiO  grain  boundary 
sweeping,  the  thicker  is  the  total  NiO  scale.  Therefore, 
as  nickel  surface  curvature  decreases,  the  total  scale 
thickness  of  NiO  should  increase.  Fxainination  of  Figure  9, 
average,  total  scale  thickness  for  the  six  oxidation  times 
versus  nickel  surface  curvature,  substantiates  this  deduction. 

4 . 1 . 3 . 2 . Microstructural  evolution  of  NiO  upon  wire  and 
hole  specimens 

The  microstructural  evolution  of  NiO  formed  upon  wire 
and  hole  specimens  is  evaluated  in  three  ways:  (1)  mean 

grain  intercept  determinations;  (2)  relative  thickness  of 
scale  layers;  and  (3)  columnarity  of  the  outer  layer. 

These  quantitative,  microstructural  analyses  are  points  of 
discussion  in  the  following  paragraphs. 

Mean  grain  intercept  values  for  both  the  columnar  and 
equiaxed  layers  of  NiO  are  found  to  increase  with  oxidation 
time,  regardless  of  the  specimen  surface  curvature,  Table  V. 
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This  behavior  substantiates  the  fact  that  NiO  scale  growth 
does  not  occur  without  NiO  grain  growth  [18,  19].  With 
this  in  mind,  and  since  total  scale  thickness  increases 
with  decreasing  nickel  surface  curvature,  it  should  be  ex- 
pected that  the  NiO  grain  size  increases  as  the  nickel 
surface  curvature  decreases.  In  fact,  the  data  of  Table  V 
indicate  that  the  NiO  grain  size  is  larger  upon  hole  speci- 
mens than  upon  wire  specimens.  However,  graphs  of  the  mean 
grain  intercept  versus  nickel  surface  curvature  for  the 
columnar  layer,  Figure  10,  and  the  equiaxed  layer,  Figure  11, 
show  this  expectation  to  hold  true  for  wire  specimens  but 
not  for  hole  specimens.  Explanation  involves  the  initial 
size  of  NiO  grains,  which  is  the  same  on  all  wire  specimens, 
but  varies  from  one  hole  specimen  to  another. 

To  determine  the  correlation  between  the  initial  grain 
size  of  NiO  and  the  nickel  surface  curvature,  the  NiO  grain 
boundary  surface  area  per  unit  volume  of  scale,  Sy  p()y;\j  > 
was  calculated  for  each  condition  of  oxidation.  Sy  'p o T A. I 
is  inversely  proportional  to  the  NiO  grain  size  and,  when 
extrapolated  to  zero  total  scale  thickness,  is  inversely 
proportional  to  the  initial  NiO  grain  size.  The  method  of 
calculation  is  outlined  in  Figure  22  and  the  Sy  ^ values, 
thus  obtained,  are  recorded  in  Table  XIV.  When  these  data 
for  wire  specimens  are  plotted  against  total  scale  thickness, 
Figure  23,  no  evidence  of  an  effect  of  wire  surface  curvature 
upon  Sy  -poTAI  Can  f°unc*-  Yet,  when  the  data  for  hole 
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Figure  22.  Method  of  calculating  the  NiO  grain  boundary 
surface  area  per  unit  volume  of  scale, 

SV  TOTAL- 


110 


Table  XIV 

NiO  Grain  Boundary  Surface  Area  Per  Unit  Volume 
of  Scale  for  Wire  and  Hole  Nickel  270  Specimens 


Specimen 

Diameter 

Surface 
Curvature , 
1/r 

Oxidation 

Time 

Total  Scale 
Thickness , X 

NiO  Grain 
Boundary  Surface 
Area  Per  Unit 
Volume  of  Scale, 

(mm) 

(mm  1) 

(hours) 

(x  10  ^ mm) 

SV  TOTAL 

(mm ^ /mm 3) 

0.584  wire 

3.42 

4 

8 . 33 

506.83 

0.965  wire 

2 .07 

4 

9.0  0 

521.48 

1.575  wire 

1 .27 

4 

10.07 

506. 38 

1.575  hole 

-1.27 

4 

16.53 

239.24 

0.965  hole 

-2.07 

4 

17.08 

345.08 

0.584  hole 

-3.42 

4 

16  . 32 

422 . 79 

0.584  wire 

3.42 

9 

13.09 

354.34 

0.965  wire 

2 .07 

9 

14.05 

320.75 

1.575  wire 

1 .27 

9 

14.69 

292.25 

1.575  hole 

-1.27 

9 

20  . 39 

246.38 

0.965  hole 

-2.07 

9 

19.79 

292.18 

0.584  hole 

-3.42 

9 

18.68 

383.60 
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Table  XIV  - Continued 


Specimen 

Diameter 

Surface 
Curvature , 
1/r 

Oxidation 

Time 

Total  Scale 
Thickness,  X 

Ni 0 Grain 
Boundary  Surface 
Area  Per  Unit 
Volume  of  Scale, 

(mm) 

(mm  ^) 

(hours ) 

(x  10  ^ mm) 

SV  TOTAL 
(mm 2 /mm 3) 

0.584  wire 

3.42 

16 

17.75 

243.34 

0.965  wire 

2 .07 

16 

18.71 

225.21 

1.575  wire 

1.27 

16 

18.94 

195.61 

1.575  hole 

-1.27 

16 

29 .08 

213.44 

0.965  hole 

-2.07 

16 

27.42 

271 . 56 

0.584  hole 

-3.42 

16 

29.78 

320.01 

0.584  wire 

3.42 

25 

19.05 

259.24 

0.965  wire 

2.07 

25 

21 . 06 

248.90 

1.575  wire 

1.27 

25 

23.57 

190.96 

1.575  hole 

-1.27 

25 

30.61 

195.77 

0.965  hole 

-2.07 

25 

33.53 

232.75 

0.584  hole 

-3.42 

25 

34  .75 

272.24 
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Table  XIV  - Continued 


Specimen 

Diameter 

Surface 
Curvature , 
1/r 

Oxidation 

Time 

Total  Scale 
Thickness,  X 

NiO  Grain 
Boundary  Surface 
Area  Per  Unit 
Volume  of  Scale, 

(mm) 

(mm  ■*■ ) 

(hours) 

(x  10  ^ mm) 

SV  TOTAL 

(mm^/mm^) 

0.584  wire 

3.42 

36 

22.58 

199.66 

0.965  wire 

2 .07 

36 

23.90 

210.04 

1.575  wire 

1.27 

36 

27.01 

175.35 

1.575  hole 

-1.27 

36 

38 .81 

156.66 

0.965  hole 

-2.07 

36 

41.03 

198.38 

0.584  hole 

-3.42 

36 

42.02 

215.35 

0.584  wire 

3.42 

49 

26.90 

207.65 

0.965  wire 

2.07 

49 

28  . 56 

199.86 

1.575  wire 

1 .27 

49 

30.76 

179.64 

1.575  hole 

-1.27 

49 

40.99 

144.82 

0.965  hole 

-2.07 

49 

42.77 

173.64 

0.584  hole 

-3.42 

49 

44.66 

187.41 
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Figure  23.  NiO  grain  boundary  surface  area  per 

unit  volume  of  scale,  Sy  tqtal>  versus 
total  scale  thickness,  X,  for  wire 
specimens. 
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specimens  are  similarly  plotted,  Figure  24,  a significant 
effect  of  hole  surface  curvature  upon  pQp/^i  is  found. 
Apparently,  the  initial  grain  size  of  NiO  decreases  with 
decreasing  hole  surface  curvature  (decreasing  hole  diameter). 
Consequently,  an  increase  in  the  mean  grain  intercept  values 
with  decreasing  hole  surface  curvature  may  not  occur  even 
though  the  total  scale  thickness  increases. 

Further  substantiation  of  an  uncontrolled  difference  in 
the  oxidation  behavior  of  wire  and  hole  specimens  is  found 
in  Figure  9,  average,  total  scale  thickness  for  the  six 
oxidation  times  versus  nickel  surface  curvature.  Two  dis- 
tinct and  parallel  linear  relationships  are  seen  which 
suggest  the  existence  of  an  oxidation  variable(s)  unique 
to  wire  and  hole  specimens.  Perhaps,  due  to  different  gas 
flow  characteristics  around  each  specimen,  the  concentration 
of  impurities  on  the  metal  surface  is  greater  upon  the  hole 
specimens  (closed  oxidizing  surfaces)  than  upon  wire  specimens 
(open  oxidizing  surfaces).  A refinement  of  the  initial  NiO 
grain  size  formed  upon  hole  specimens  would  result  due  to 
the  presence  of  more  nucleation  sites.  And,  as  Graham  et  al . 
[29]  determined,  a finer- grained  oxide  thickens  faster  than 
a coarser- grained  oxide. 

The  relative  thickness  of  scale  layers  is  affected  by 
the  onset  of  NiO  grain  boundary  sweeping.  The  earlier  NiO 
grain  boundary  sweeping  begins,  the  thinner  is  the  columnar 
layer  developed  during  the  initial  stage  of  oxidation  and 


1 15 


Total  scale  thickness  (xlO  J mm) 


Figure  24.  NiO  grain  boundary  surface  area  per 

unit  volume  of  scale,  Sy  '[Q'pAl  ’ versus 
total  scale  thickness,  X,  for  hole 
specimens . 
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the  earlier  is  the  nucleation  of  new  grains  at  the  metal/ 
oxide  interface.  It  follows  that  the  earlier  the  onset  of 
NiO  grain  boundary  sweeping, the  larger  is  the  equiaxed 
fraction  of  total  scale  thickness.  Therefore,  as  the  nickel 
surface  curvature  decreases,  the  equiaxed  fraction  of  total 
scale  thickness  should  increase.  Figure  12  shows  this 
behavior  to  exist  at  all  oxidation  times. 

The  columnarity  of  the  outer  layer  is  also  affected  by 
the  onset  of  NiO  grain  boundary  sweeping.  The  earlier  NiO 
grain  boundary  sweeping  beings,  the  thinner  is  the  columnar 
layer  developed  during  the  initial  stage  of  oxidation  and 
the  earlier  is  the  lateral  growth  of  NiO  grains  (which  does 
not  occur  during  the  di ffus ion- control 1 ed  initial  stage). 

It  follows  that  the  earlier  the  onset  of  NiO  grain  boundary 
sweeping,  the  smaller  is  the  columnarity  of  the  outer  layer, 
^COl/^COL"  Therefore,  as  the  nickel  surface  curvature  de- 
creases, the  columnarity  of  the  outer  layer  should  also 
decrease.  Experimental  verification  of  this  behavior  is 
found  in  Figure  13  for  all  oxidation  times. 

4.1.4.  The  Geometric  Effect  of  Nickel  Surface  Curvature 

Oxidation  of  convex  nickel  surfaces  (wires)  results 
in  a decrease  in  the  metal/oxide  interfacial  area,  whereas 
oxidation  of  concave  nickel  surfaces  (holes)  causes  an 
increase  in  the  metal /oxide  interfacial  area.  These  changes 
in  the  surface  area  through  which  nickel  is  transported 
suggest  a change  in  the  delivery  of  nickel  into  the  scale. 
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Consequently,  it  may  be  argued  that  the  effect  of  nickel 
surface  curvature  upon  NiO  scale  thickening  can  be  explained 
by  specimen  geometry  alone. 

To  evaluate  the  effect  of  metal/oxide  interfacial  area 
upon  the  total  scale  thickness,  the  radius  of  the  metal/ 
oxide  interface,  R^/q»  was  calculated  for  each  condition  of 
oxidation.  The  manner  in  which  was  computed  is  out- 

lined in  Figure  25  and  the  results  recorded  in  Table  XV. 

Rm/q  is  directly  proprotional  to  the  metal/oxide  interfacial 
area  since  A^q  = 2ttrm/qL,  where  L is  an  assumed  length  of 
interface  parallel  to  the  cylindrical  axis  which  is  equal 
for  all  specimen  geometries  and  remains  constant  during 
oxidation.  Examination  of  Figure  26  reveals  that  the  total 
NiO  scale  thickness  increases  linearly  with  decreasing  R^y  q 
(decreasing  metal/oxide  interfacial  area)  for  wire  specimens 
and  with  increasing  R^q  for  hole  specimens.  Thus,  it  would 
seem  that  specimen  geometry,  in  so  far  as  it  affects  the 
metal/oxide  interfacial  area,  could  explain  the  effect  of 
nickel  surface  curvature  upon  the  oxidation  rate.  That  this 
possibility  is  not  realized  in  fact,  however,  is  demonstrated 
by  comparing  the  volume  of  NiO  scale  generated  with  that 
which  would  have  been  formed  under  conditions  of  proportion- 
ality to  the  metal/oxide  interfacial  area.  Thus,  if  one 
takes  the  product  of  the  metal/oxide  interfacial  area  and 
the  total  scale  thickness,  to  obtain  a volume  that  is  pro- 
portional to  the  interfacial  area,  it  will  be  obvious  that 
this  is  not  the  same  as  the  volume  enclosed  between  the 
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VQ  - Volume  of  oxide  formed  l = 1x10“3mm 

VM  - Volume  of  metal  consumed 

X - Total  scale  thickness  in  mm. 

Res  - Radius  of  the  external  surface  in  mm. 

Rq  - Original  radius  op  specimen  in  mm. 

Rm/0  “ Radius  of  the  metal/oxide  interface  in  mm. 

VM  = T(R0_RM/0)L  (1) 

Vo  = LfV«  = 2e(Rr2s-RM/o)L  (2) 

COMBINE  EQUATIONS  (1)  AND  (2)  AND  SOLVE  FOR  R /Q 


Figure  25.  Method  of  calculating  the  radius  of  the  metal/ 
oxide  interface,  Rjq/o* 

(a)  For  wire  specimens. 
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S2  = 1x10  jmm 

L = lxlO^MH 

VM  = 20(Rm/o-Ro)L  (3) 

Vo  = L6Vh  = ^0(Rm/0-Re2s)L  (,|) 

COMBINE  EQUATIONS  (3)  AND  (*()  AND  SOLVE  FOR  R / 

Figure  25.  (continued). 

(b)  For  hole  specimens. 
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Table  XV 

Radius  of  the  Metal/Oxide  Interface  for 
Wire  and  Hole  Nickel  270  Specimens 


Specimen 

Diameter 

(mm) 

Surface 
Curvature , 
1/r 

(mm  1) 

Oxidation 
T ime 

(hours) 

Total  Scale 
Thickness,  X 

(x  10  ^ mm) 

Radius  of  the 
Metal/Oxide 
Interface,  R^/q 

(x  10  3 mm) 

0.584  wire 

3.42 

4 

8.33 

286.7 

0.965  wire 

2.07 

4 

9.00 

475.6 

1.575  wire 

1 .27 

4 

10.07 

781 . 2 

1.575  hole 

-1.27 

4 

16 . 53 

797.9 

0.965  hole 

-2.07 

4 

17 . 08 

492.9 

0.584  hole 

-3.42 

4 

16.32 

302 . 0 

0.584  wire 

3.42 

9 

13 . 09 

283.7 

0.965  wire 

2.07 

9 

14 .05 

473.4 

1.575  wire 

1.27 

9 

14.69 

778  . 4 

1.575  hole 

-1.27 

9 

20.39 

800.3 

0.965  hole 

-2.07 

9 

19.79 

494.6 

0.584  hole 

-3.42 

9 

18.68 

303.4 
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Specimen 

Diameter 

(mm) 

Surface 
Curvature , 
1/r 

(mm  ■*■) 

Table  XV  - 

Oxidation 
T ime 

(hours) 

Continued 

Total  Scale 
Thickness,  X 

(x  10  3 mm) 

Radius  of  the 
Metal/Oxide 
Interface,  R^g 

(x  10  ^ mm) 

0.584 

wire 

5.4  2 

16 

17.75 

280.8 

0.965 

wire 

2 . 07 

16 

18.71 

469.6 

1.575 

wire 

1 .27 

16 

18.94 

77  5.7 

1.575 

hole 

-1.27 

16 

29.08 

805 . 2 

0.965 

hole 

-2.07 

16 

2 7.42 

499.5 

0.584 

hole 

-3.42 

16 

29.  78 

310.2 

0.584 

wire 

3.42 

25 

19.05 

279.9 

0.965 

wire 

2 . 07 

25 

21.06 

469.1 

1.575 

wire 

1 .27 

25 

23.57 

772 . 8 

1.575 

hole 

-1.27 

25 

30.61 

806.2 

0.965 

hole 

-2.07 

25 

33.53 

503 . 5 

0.584 

hole 

-3.42 

25 

34.75 

313.2 
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Specimen 

Diameter 

(mm) 

Surface 
Curvature , 
1/r 

(mm  ^) 

Table  XV  - 

Oxidation 

Time 

(hours) 

Continued 

Total  Scale 
Thickness,  X 

(x  10  ^ mm) 

Radius  of  the 
Metal/ Oxide 
Interface  , 

(x  10  3 mm) 

0.584  wire 

3.42 

36 

22  . 58 

277.7 

0.965  wire 

2 . 07 

36 

23.90 

467.4 

1.575  wire 

1.27 

36 

27.01 

770.6 

1.578  hole 

-1.27 

36 

38.81 

811.5 

0.965  hole 

-2.07 

36 

41.03 

507.4 

0.584  hole 

-3.42 

36 

42.02 

317.5 

0.584  wire 

3.42 

49 

26.90 

274 . 9 

0.965  wire 

2.07 

49 

28.  56 

464.6 

1.575  wire 

1.27 

49 

30.76 

768.3 

1.578  hole 

-1.27 

49 

40.99 

812.9 

0.965  hole 

-2.07 

49 

42.77 

508.6 

0.584  hole 

-3.42 

49 

44.66 

319.1 

Total  scale  thickness  (xlO  ^mm) 
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Figure  26.  Iotal  scale  thickness,  X,  versus  the  radius 
of  the  metal/oxide  interface,  R]yj/Q. 

(a)  0.584  mm  diameter  wire  specimens. 


Total  scale  thickness  (xlO  3 mm) 
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Radius  of  the  metal/oxide  interface  (xlO  ^mm) 


Figure  26.  (continued). 


(b)  0.965  mm  diameter  wire  specimens. 
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Figure  26.  (continued). 


(c)  1.575  mm  diameter  wire  specimens. 


Total  scale  thickness  (xlO  ^mm) 
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Figure  26.  (continued). 


(d)  1.575  mm  diameter  hole  specimens. 


Total  scale  thickness  (xlO  jmm) 
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Figure  26.  (continued). 

(e)  0.965  mm  diameter  hole  specimens. 


Total  scale  thickness  (xlO  3 mm) 
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Radius  of  the  mftal/oxide  interface  (xlO 


Figure  26.  (continued). 


(f).  0.584  mm  diameter  hole  specimens. 


V*aJ 
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metal/oxide  interface  and  the  corresponding  external  sur- 
face of  the  scale.  In  the  case  of  convex  surfaces  (wires), 
the  true  volume  is  the  larger;  in  the  case  of  concave 
surfaces  (holes),  the  true  volume  is  the  smaller,  Figure  27. 

Furthermore,  specimen  geometry,  per  se , cannot  account 
for  i)  a larger  NiO  grain  size  upon  hole  specimens  than 
upon  wire  specimens,  ii)  a linearly  increasing  relative 
thickness  of  the  equiaxed  layer  to  the  total  scale  thickness 
with  decreasing  nickel  surface  curvature  and  iii)  a linearly 
decreasing  columnarity  of  the  outer  layer  with  decreasing 
nickel  surface  curvature.  It  is  thought  that  these  obser- 
vations stem  from  the  existence  of  a steady-state  NiO  grain 
growth  process.  The  columnarity  assumes  the  steady- state , 
which  is  characteristic  of  the  nickel  surface  curvature, 
and  it  is  developed  and  maintained  in  the  following  manner. 
Scale  thickening  proceeds  without  NiO  grain  growth  until 
the  columnar  grains  have  attained  a critical  length  to 
breadth  ratio  (i.e.  columnarity,  ^col/ ^COlP  ’ whereupon  the 
compressive  stress  generated  within  the  scale  is  capable 
of  deforming  the  entire  structure.  NiO  grain  boundary 
migration  can  then  proceed,  causing  NiO  grain  growth  and 
with  it  an  accelerated  rate  of  scale  growth.  This  length 
to  breadth  ratio  is  maintained  automatically,  because,  if 
the  NiO  grain  growth  were  to  proceed  more  rapidly  than 
scale  thickening,  the  NiO  grains  would  return  to  a sub- 
critical  length  to  breadth  ratio  and  grain  growth  would  cease. 
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Figure  27.  Ratio  of  calculated  to  true  volume  of  NiO  formed,  Vq/V. 

versus  nickel  surface  curvature,  1/r,  for  25  hours  of 
oxidation. 
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If,  however,  scale  growth  were  to  proceed  too  rapidly,  an 
excess  of  compressive  stress  would  be  generated  and  cause 
an  acceleration  of  NiO  grain  growth,  until  a balance  was 
re-established . 

4.2.  The  Effect  of  Oxidation  Temperature 
Upon  the  High- Temperature  Oxidation  of  Nickel 

Oxidation  of  Nickel  270  flat  specimens  at  1000°C  and 
800°C  has  yielded  the  following  results: 

1.  All  scale  thickening  curves  intersect  the  oxidation  time 
axis  at  positive  values,  the  1000°C  curves  having  a 
larger  value  of  intersection  than  the  corresponding  800°C 
curves . 

2.  The  total  NiO  scale  thickness  is  larger  upon  flat  speci- 
mens oxidized  at  1000°C  than  upon  those  oxidized  at 
800°C . 

3.  The  NiO  grain  size  is  larger  upon  flat  specimens  oxidized 
at  1000°C  than  upon  those  oxidized  at  800°C. 

4.  The  relative  thickness  of  the  equiaxed  layer  to  the  total 
scale  thickness,  Xgq/X,  is  larger  upon  flat  specimens 
oxidized  at  800°C  than  upon  those  oxidized  at  1000°C. 

These  results  are  consistent  with  the  proposed  model  of  the 
high- temperature  oxidation  of  nickel  (section  4.1.1.). 


132 


4.2.1.  The  Effect  of  Oxidation  Temperature  Upon  the 
Proposed  Model 

Oxidation  temperature  also  affects  the  proposed  model 
of  oxidation  by  controlling  the  onset  of  NiO  grain  boundary 
sweeping  (later  stage  of  oxidation).  It  is  expected  that 
the  oxidation  temperature  affects  the  plasticity  of  NiO. 

The  lower  the  oxidation  temperature,  the  less  plastic  is 
the  NiO  scale  and  the  greater  is  the  restraint  to  outward 
extrusion  of  newly  formed  NiO  along  oxide  grain  boundaries, 
for  a given  scale  thickness.  Thereby,  a greater  force  is 
exerted  upon  neighboring  NiO  grains  at  800°C.  Consequently, 
the  onset  of  NiO  grain  boundary  sweeping  and  nucleation  of 
new  NiO  grains  at  the  metal/oxide  interface  occurs  earlier 
in  oxidation  the  lower  the  oxidation  tempeature. 

Graphical  support  of  this  effect  is  found  in  Figures 
18  and  19,  total  scale  thickness  and  columnar  layer  thick- 
ness, respectively,  versus  oxidation  time  for  flat  specimens 
oxidized  at  1000°C  and  800°C.  These  curves  show  the  inter- 
section with  the  oxidation  time  axis  to  have  a larger  value 
for  1000°C  oxidation  than  for  800°C  oxidation.  As  before, 
these  intersections  correspond  to  point  A in  Figure  20, 
the  schematic  representation  of  oxidation,  and  estimate  the 
time  during  which  d i f fus ion  - con t rol 1 ed  growth  of  NiO  occurs 
(initial  stage)  and  before  which  NiO  grain  boundary  sweeping 
begins  (later  stage).  The  value  of  these  intercepts  is 
shown  as  incubation  time  in  Tables  XVI  and  XVII,  as  calculated 
from  the  kinetic  equations  for  total  scale  thickness  and 
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Table  XVI 

Incubation  Times  for  NiO  Grown  Upon  Flat  Nickel  270 
Specimens  Calculated  From  Total  Scale  Thickness  Data 


Specimen  Oxidation  Incubation  Time 

Temperature  (°C)  (hours) 


1000 

1 . 56  x 

10"  1 

800 

6.20  x 

10'2 
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Table  XVII 


Incubation  Times  for  NiO  Grown  Upon  Flat  Nickel  270 
Specimens  Calculated  From  Columnar  Layer  Thickness  Data 


Specimen  Oxidation 
Temperature  (°C) 


Incubation  Time 
(hours ) 


1000 

1 . 59 

x 10"1 
-1 

800 

1 .15 

x 10 
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columnar  layer  thickness,  respectively.  In  each  case,  the 
lower  oxidation  temperature  (800°C)  corresponds  to  the 
shorter  incubation  time.  Thus,  oxidation  temperature 
controls  the  onset  of  NiO  grain  boundary  sweeping.  The 
lower  the  oxidation  temperature,  the  earlier  is  the  onset 
of  NiO  grain  boundary  sweeping. 

Again,  care  should  be  taken  not  to  associate  the  incu- 
bation times  with  the  moment  of  onset  of  NiO  grain  boundary 
sweeping.  Since  the  NiO  scale  thickening  curves  were  extrapo- 
lated to  zero  oxidation  time,  these  values  merely  indicate 
that  NiO  grain  boundary  sweeping  begins  earlier  as  oxidation 
temperature  is  lowered. 

4.2.2.  The  Effect  of  Oxidation  Temperature  Upon  the  Scale 
Thickening  and  Microstructural  Evol  ut  i on~~oT~ NiO 

Because  the  diffusion  rates  of  the  reactants  and  the 
rate  of  NiO  grain  boundary  sweeping  are  faster  at  1000°C 
than  at  800°C,  a thick,  coarse-grained  oxide  develops  at 
1000°C  compared  to  a thin,  fine-grained  oxide  at  800°C, 

Figure  6.  These  physical  properties  of  the  NiO  scale  exist 
despite  the  earlier  onset  of  NiO  grain  boundary  sweeping  at 
800°C,  which,  all  conditions  being  equal,  would  dictate  a 
thicker,  coarser-grained  oxide  than  that  formed  at  1000°C. 

The  relative  thickness  of  scale  layers  is  determined 
solely  by  the  onset  of  NiO  grain  boundary  sweeping.  The 
earlier  NiO  grain  boundary  sweeping  begins,  the  thinner  is 
the  columnar  layer  developed  during  the  initial  stage  of 
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oxidation  and  the  earlier  is  the  nucleation  of  new  grains 
at  the  metal/oxide  interface.  It  follows  that  the  earlier 
the  onset  of  NiO  grain  boundary  sweeping,  the  larger  is 
the  equiaxed  fraction  of  total  scale  thickness.  Therefore, 
as  the  oxidation  temperature  is  lowered,  the  equiaxed 
fraction  of  total  scale  thickness  should  increase.  Figure 
17  confirms  this  trend  at  all  oxidation  times. 


CHAPTER  V 


CONCLUSIONS 


1.  The  high- temperature  oxidation  of  nickel  is  a two-stage 
process.  The  initial  stage  is  controlled  by  diffusion 
of  the  reactants  and  the  later  stage  by  NiO  grain 
boundary  sweeping. 

2.  Nickel  surface  curvature  affects  the  lateral,  compressive 
stresses  generated  within  the  NiO  scale  during  oxidation, 
thereby  controlling  the  duration  of  each  stage. 

3.  The  incubation  time  before  the  onset  of  NiO  grain  boundary 
sweeping  (later  stage  of  oxidation)  decreases  as  nickel 
surface  curvature  decreases. 

4.  An  earlier  onset  of  NiO  grain  boundary  sweeping  with 

decreasing  nickel  surface  curvature  causes:  i)  the  total 

scale  thickness  to  increase;  ii)  the  relative  thickness 
of  the  equiaxed  layer  to  the  total  scale  thickness  to 
increase;  and  iii)  the  columnarity  of  the  outer  layer 

to  decrease. 

5.  NiO  grain  growth  occurring  concurrently  with  NiO  scale 
growth  results  in  coarser - gra ined  oxide  scales  upon 
hole  specimens  (thicker  oxide  scales)  than  upon  wire 
specimens  (thinner  oxide  scales)  . 
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6.  An  uncontrolled  difference  in  the  basic  grain  size 
between  wire  and  hole  specimens  exists,  yielding  a 
refinement  in  the  initial  NiO  grain  size  upon  hole 
specimens.  Presumably,  this  difference  results  from 
an  effect  of  nickel  surface  curvature  upon  the  oxygen 
gas  flew. 

7.  Total  scale  thickness  is  proportional  to  nickel  surface 
curvature,  which  in  turn,  is  proportional  to  the  metal/ 
oxide  interfacial  area;  however,  neither  is  proportional 
to  the  volume  of  NiO  scale  formed.  For  convex  surfaces 
(wires),  the  volume  of  scale  formed  is  greater  than  the 
product  of  total  scale  thickness  and  metal/oxide  inter- 
facial area,  and  for  concave  surfaces  (holes),  the  volume 
of  scale  formed  is  less  than  this  product. 

8.  Oxidation  temperature  affects  the  plasticity  of  the  NiO 
scale,  thereby  controlling  the  duration  of  each  stage  of 
oxidation . 
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APPENDIX  I 


EQUIAXED  LAYER  THICKNESS  DATA  FOR  WIRE, 
HOLE  AND  PLAT  SPECIMENS 


Table  1-1 

Equiaxed  Layer  Thickness  Measurements  for 
Wire  and  Hole  Nickel  270  Specimens 


Specimen  Surface  Oxidation  Equiaxed  Layer 

Diameter  Curvature,  Time  Thickness, 

(mm)  1/r  (mm'1)  (hours)  XE0  (x  10"3  mm) 


0.  S84 

wire 

3.42 

4 

3.41 

+ 

0.18 

0.965 

wire 

2.07 

4 

4 . 01 

+ 

0.23 

1.575 

wire 

1 . 27 

4 

4 . 53 

+ 

0.33 

1.575 

hole 

-1.27 

4 

6.08 

+ 

0.38 

0.965 

hole 

-2.07 

4 

8.07 

+ 

0.39 

0.584 

hole 

-3.42 

4 

8.52 

+ 

0.32 

0.584 

wire 

3.42 

9 

4 . 37 

+ 

0.25 

0.965 

wire 

2 . 07 

9 

5.10 

+ 

0.22 

1.575 

wire 

1 .27 

9 

5.56 

+ 

0.22 

1.575 

hole 

-1.27 

9 

8.  56 

+ 

0.38 

0.965 

hole 

-2.07 

9 

9.16 

+ 

0.43 

0.584 

hole 

-3.42 

9 

9.94 

+ 

0.35 
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Table  1-1  - Continued 


Specimen 

Diameter 

(mm) 


Surface 
Curvature , 
1 / r ( mm  ~ * ) 


Oxidation 

Time 

(hours) 


Equiaxed  Layer 
Thickness , 

Xjjq  (x  10' ^ mm) 


0.584 

wire 

3.42 

16 

5 . 54 

+ 

0.28 

0.965 

wire 

2.07 

16 

6.16 

+ 

0.29 

1.575 

wi  re 

1.27 

16 

6.94 

+ 

0.  30 

1.575 

hole 

-1.27 

16 

12.44 

+ 

0.53 

0.965 

hole 

-2.07 

16 

13.41 

+ 

0.5  6 

0.584 

hole 

-3.42 

16 

15.92 

+ 

0.  75 

0.584 

wire 

3.42 

25 

7.02 

+ 

0.  33 

0.965 

wire 

2 . 0.7 

25 

7 . 63 

+ 

0.  31 

1.575 

wire 

1 .27 

25 

8.62 

+ 

0.32 

1.575 

hole 

-1.27 

25 

13.77 

+ 

0.46 

0.965 

hole 

-2.07 

25 

16 . 09 

+ 

0.78 

0.584 

hole 

-3.42 

25 

18.50 

+ 

0.58 
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Table  1-1  - Continued 


Specimen 

Diameter 

(mm) 


Surface 
Curvature , 
1/r  (mm’1) 


Oxidation 

Time 

(hours) 


Equiaxed  Layer 
Thickness , 


X 


EQ 


(x  10  mm) 


0.584 

wire 

3.42 

36 

8.30 

+ 

0.28 

0.965 

wi  re 

2 . 07 

36 

9.  36 

+ 

0.23 

1.575 

wire 

1 .27 

36 

11.05 

+ 

0.27 

1 .575 

hole 

-1.27 

36 

17.24 

+ 

0.71 

0.965 

hole 

-2.07 

36 

20.  10 

+ 

0.77 

0.584 

hole 

-3.42 

36 

22.00 

+ 

0.61 

0.584 

wire 

3.42 

49 

9.50 

+ 

0.43 

0.965 

wire 

2 .07 

49 

11.48 

+ 

0.45 

1.575 

wire 

1.27 

49 

12.99 

+ 

0.57 

1.575 

hole 

-1.27 

4 9 

18  . 86 

+ 

0.83 

0.965 

hole 

-2.07 

49 

20.94 

+ 

0.92 

0.584 

hole 

-3.42 

49 

23.68 

+ 

0.92 
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Table  1-2 

Equiaxed  Layer  Thickness  Measurements  for 
Flat  Nickel  270  Specimens 


Specimen  Oxidation 
Temperature 
(°C) 

Oxidation  Time 
(hours) 

Equiaxed 

Thickne 

XEQ  (x  10 

1000 

4 

4.14  + 

800 

4 

1000 

9 

6.10  + 

800 

9 

4.69  + 

1000 

16 

8.20  + 

800 

16 

5.49  + 

1000 

25 

8.24  + 

800 

25 

6.85  + 

1000 

36 

10.48  + 

800 

36 

7.5  5 + 

1000 

49 

10.81  + 

800 

49 

8.28  + 

Layer 
s s , 

' ^ mm) 
0.32 

0. 37 
0.30 

0.51 
0.  34 

0.45 

0.34 

0.76 
0.  34 

0.72 


0.34 


APPENDIX  II 


COMPUTATION  OF  THE  "CALCULATED"  TOTAL 
SCALE  THICKNESS  FOR  THE  NiO  FORMED 
UPON  CURVED  SPECIMENS 

The  "calculated"  curves  present  in  Figures  7 and  8 
(total  scale  thickness  versus  oxidation  time  for  wire  and 
hole  specimens,  respectively)  represent  the  total  thickness 
of  NiO  which  should  form  upon  the  particular  specimen 
based  on  geometric  considerations  and  assuming  flat 
specimen  kinetics  are  operating  at  the  1000°C  oxidation 
temperature.  The  manner  in  which  these  curves  were  derived 
is  illustrated  in  Figures  1 1 - 1 and  1 1 - 2 . An  oxide  scale 
depth  (normal  to  the  plane  of  the  figure)  of  1 mm  is 
assumed  allowing  the  difference  in  densities,  p,  between 
nickel  and  nickel  oxide,  p^  = 0.625  ^q,  to  be  used  in 
equations  (1)  and  (7).  The  factor  1 / 2 tt R of  equations 
(2),  (4),  (8)  and  (10)  normalizes  the  oxide  per  unit 
length.  Total  scale  thickness,  taken  from  Table  IX  for 
flat  Nickel  270  specimens  oxidized  at  1000°C,  is  substituted 
for  A0  in  equations  (3),  (5),  (9)  and  (11).  Values  for 
R0  and  Rj  are  obtained,  and  the  "calculated"  total  scale 
thickness  may  then  be  found  from  equations  (6)  and  (12). 
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An  - 
Ao  - 
Ro  - 
R - 
Ri  - 
X - 

An  = 
An  = 

Ri  = 
Ao  = 

Ro  - 
X = 


Area  of  nickel  consumed 
Area  of  NiO  formed 

Radius  of  wire  plus  oxide  after  oxidation 
Original  radius  of  wire 
Radius  of  wire  after  oxidation 
Thickness  of  NiO  formed 


0.025  Ao  (1) 

»(R2  - Ri2)2mR  <2) 

IR2  - 2R  (0.625)  Aol 1/2  (3) 

»(Ro2  - R i 2 ) 2^r  (A) 

(2RAo  + Ri2)172  (5) 

Ro  - Ri  (6) 


Figure  1 1 - 1 . Method  of  determining  the  "calculated" 
total  scale  thickness,  X = R - Rj,  of 
NiO  formed  upon  wire  specimens. 
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An  - Area  of  nickel  consumed 
Ao  - Area  of  NiO  formed 

Ro  - Radius  of  hole  plus  oxide  after  oxidation 
R - Original  radius  of  hole 
Ri  - Radius  of  hole  after  oxidation 
X - Thickness  of  NiO  formed 


An  = 0,625  Ao  (7) 

Ah  = -(Ro2  - R2)2iR  (8) 

Ro  = I2R  (0.625)  Ao  + R2lj/2  (9) 

Ao  = «(Ro2  = Ri2)2}r  (10) 

Ri  = (Ro2  - 2RAo)1/2  (11) 

X = Ro  - Ri  (12) 


Figure  II-2.  Method  of  determining  the  "calculated" 
total  scale  thickness,  X = R0  - Rj,  of 
NiO  formed  upon  hole  specimens. 
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